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Expansion joints are one of the main causes for high maintenance costs in bridges.  
The search for ideal expansion joints has proven fruitless.  That is why it has been said 
that “the best joint is no joint”.  A seamless bridge system is envisioned that results in 
bridges with long service lives by eliminating the joints over the entire length of the 
bridge, approach slab and a segment of the roadway called transition.  All bridge thermal 
movements are dissipated to zero in the transition.  The system is similar to a system 
developed in Australia but modifications had to be made to extend it for the U.S. practice 
in which jointed or flexible pavements are commonly used.  While the remainder of 
paving within a roadway is jointed or flexible, a segment of roadway containing the 
bridge and the transition is similar to continuously reinforced concrete paving.  The 
proposed transition system consists of a transition slab connected via “small piles” to a 
“secondary slab”, embedded in the base soil.  The advantages of the new system include 
low maintenance costs, long service life, and enhanced seismic performance.  The system 
is beneficial in the case of skewed and/or curved bridges.  Parametric studies using 
SAP2000 have then been utilized to comprehend the system behavior and to develop an 
experimental program in which a segment from the transition system is simulated.  The 
experiment elucidated the effectiveness of the transition system, the behavior of 
geomaterial, and the behavior of pile-slab connection.  A small pile-concrete slab 
connection detail with a simple construction technique is proposed.  Detailed FE model 
of the as-built connection was developed using ABAQUS to study the connection 
behavior and calibrate the models.  SAP2000 models of the experimental sample were 
also developed.  A special reinforcement reduction detail for the transition slab and 
cracked section analysis are explained to achieve a controlled cracking.  Recommended 
design methods for the new components of the seamless system are explained.  Life cycle 
cost analysis has been carried out. 
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Chapter 1.  
Background and Problem Statement 
1.1. Scope 
The number one issue causing high maintenance costs of bridges is having expansion 
joints in bridge structures.    No matter where expansion joints are located, whether at the 
abutment or at the end of the approach slab, problems continue to exist.  The number one 
problem causing the deterioration of the expansion joints are a combination of heavy 
truck traffic, thermal movements and de-icing salts.  Heavy truck traffics pounds on the 
expansion joints’ armors daily, and pushes debris into the joints, causing damage, 
including the rupture of glens, such as is present in strip seal or compression seal joint 
types or fatigue of steel armor elements used in expansion joints. No matter where 
expansion joints are located, at the abutment or at end of the approach slab (semi-integral 
or integral systems), problems continue to exist. Heavy truck traffic, climatic changes and 
de-icing salts are factors there to stay.  The only solution is to design better expansion 
joints. The search for ideal expansion joints by industry, agencies and research 
organizations has proven to be fruitless, and expansion joints continue to be a major 
maintenance issue.  That is why it has been said that “the best joint is no joint”. 
In current U.S. practice, the roadway’s pavement (mostly Jointed Plain Concrete 
Pavement) is terminated at bridge approach slabs.  The seamless bridge and roadway 
concept is a bridge deck enhancement that eliminates transverse joints through the entire 
bridge and a transition zone beyond the bridge limits. 
The seamless pavement concept, developed by Russell Bridge et al. in Australia 
(2000) is a bridge deck enhancement that eliminates transverse joints through the entire 
bridge length and a transition zone beyond the bridge limits.  The transition zone beyond 
the bridge is a specially detailed reinforced concrete pavement that results in extended 
bridge life, improved ride quality for highway users, and reduced maintenance costs. 
The system was originally developed for use with continuously reinforced concrete 
pavement (CRCP), and modifications must be made to incorporate it into standard U.S. 
22 
practice, which typically uses jointed concrete pavement (JCP).  Specifically, 
longitudinal movement, due to thermal effects, at the end of the transition region must be 
limited.  If the system is developed for the U.S., the envisioned seamless bridge system 
should result in bridges with very long service lives. 
This research project includes two major phases; analytical phase and experimental 
phase. 
In the analytical work finite element methods were used to comprehend the behavior 
of the new system, identify the important parameters, and develop a preliminary road 
map for designing the system.  Parametric study was carried out to develop the 
configuration of the transition zone and its components.  Theoretical methods were also 
utilized to develop the design methods. 
In the experimental work, a segment of the newly developed system was constructed 
and tested in the structures lab. 
1.2. Introduction 
As mentioned, the number one issue causing high maintenance costs of bridges is 
having expansion joints in bridge structures.  Henry Derthick, former engineer of 
structures at the Tennessee Department of Transportation, once stated, “The only good 
joint is no joint.” 
Figure 1-1 shows the seamless pavement concept, developed by Russell Bridge et al. 
in Australia (2000) is a bridge deck enhancement that eliminates transverse joints through 
the entire bridge length and a transition zone beyond the bridge limits. 
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a continuous longitudinal reinforcement.  In other words, the bridge deck will be 
continued at an approach length plus a so called transition length in which all movements 
induced by the bridge will be dissipated to zero. 
 
Figure 1-3- The seamless bridge concept for U.S. practice to be used with JCP 
The key factor in this development is establishing an effective longitudinal force 
transfer mechanism from the transition zone to the base soil in a reasonably short length 
of the transition slab.  The goal is achieving limited end movements, predictable and 
controlled crack pattern, and controlled axial forces in the system.  The transition zone’s 
tensile behavior is an important factor in the behavior of the seamless bridge system since 
the crack pattern plays a major role in the design life and maintenance costs. 
Preliminary calculations and finite element studies revealed that friction between the 
transition slab and the base soil will not supply sufficient resistance against thermal 
BridgeTransitionRoad pavement
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Transition Road pavement
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Approach Zone
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movements.  A promising force transfer mechanisms for the seamless bridge has been 
recommended in this research study.  This new force transfer mechanism between the 
transition slab and the base soil has been depicted in Figure 1-4.  As can be seen in this 
figure, the transition slab will be connected to a secondary slab buried at some depth of 
the base soil via a number of small piles.  
Figure 1-4- Schematic of the recommended seamless bridge system accommodated for the U.S. 
practice with a not moving joint at the bridge-roadway interface 
The advantages of the seamless bridge systems include the very low maintenance 
costs, longer service life, preventing leakage of moisture to bridge elements below deck, 
improved ride quality, easier inspection, ideal for bridges with skew and curvature or 
located in high seismic areas, improved seismic performance, and reduced lateral loads 
on the bridge abutment resulting in no or lesser piles for the bridge abutments. 
Finite element analyses were carried out to predict the movements and force 
development in the system as a result of temperature change.  A method of cracked 
section analysis is utilized to design the system for the tensile loads and control the 
cracking in a desired pattern. 
Generally, the analysis and design of a seamless bridge and roadway system includes 
the assessment of the in-plane behavior of the system (effects of temperature change, 
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creep, and shrinkage) and the out of plane behavior of the system  (effects of settlement, 
traffic loads, rotations exerted to the approach zone from the bridge ends). (Bridge et al. 
2000) 
1.3. General configuration of the proposed system 
The general configuration of the proposed seamless bridge system to be used with 
jointed roadway pavements in the U.S. is shown in Figure 1-4.  As can be seen in this 
figure, the bridge deck, approach slab, and a so called transition slab form an integral slab 
system that does not have any joints over the entire length.  The interface of the transition 
slab and the roadway is called the “end joint”.  If the end joint movements are reduced to 
small values over the length of the transition slab, no joint system will be required at that 
end joint and only dowel bars will be sufficient to achieve a smooth transition between 
the transition slab and the roadway.  No grade beam will be required either.  In order to 
achieve the required small end joint movements, small piles are used to connect the 
transition slab to a so called “Secondary Slab” embedded in the base soil. 
The use of the secondary slab was due to concerns about the long-term performance 
of the systems with small piles and without the transition slab.  A system with small piles 
but without the transition slab might lose its effectiveness after multiple cycles of 
movement in the piles.  That is, the soil surrounding the small piles gets compacted due 
to the pile movements, and after some cycles, the piles will not be in contact with the soil.  
With using the secondary slab, even in the case the soil surrounding the small piles get 
compacted and does not apply any resistance against the small piles’ movements, the 
secondary slab will still be in effect.  The secondary slab also increases the stiffness of 
the transition region which results in shorter transition and less small piles. 
For the case of temperature reduction that results in bridge contraction, tensile forces 
will be developed in the system and the transition zone should be designed to control the 
crack width and spacing as well as transferring the forces.   Figure 1-5 shows an 
innovative transition that has drawn particular interest for bridge applications (Jung et al. 
2006).  The reinforcement detail helps the designer maintain the desirable crack pattern.  
In this system, the amount of reinforcement is reduced over the length of the transition 
regions, as the force in the transition is reduced. 
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The idea was implemented in Sydney, Australia and the research findings were 
presented by Bridge et al. (2000) and Griffiths et al. in two publications (2000).  In their 
practice, the CRCP reinforcement was directly connected to the bridge deck 
reinforcement forming a continuous approach slab and bridge deck.  Plus, the link slabs 
were also used over the internal piers to form a seamless paving surface through the 
entire bridge length. 
Modeling methods are proposed by Bridge et al. (2000) that help investigate the 
effects of environmental loading and longitudinal stiffness variations of the bridge into 
account. 
Based on the Austroads Design Guide (Austroad 1992) a coefficient of friction 
varying from 0.5 to 1.5 can be considered for the base and sub base interface.  This 
coefficient of friction has a critical role in the performance of the seamless bridge (Bridge 
et al. 2000).  Thus, tests were carried out in order to measure and confirm the 
abovementioned values for the coefficients of friction. 
The tensile behavior of the transition zone is also of a great importance since the 
crack width and spacing plays a major role in the design life and maintenance costs of the 
pavement.  The crack width and spacing will be controlled by the concrete tensile 
strength, amount of reinforcement, and the friction between the pavement and the base. 
Due to the innovative nature of the concept, the seamless bridges built in Australia 
were monitored for six month in order to ensure their satisfactory behavior over time and 
under real life condition.  The monitoring revealed a satisfactory correlation between the 
field results and the theoretical predictions. 
Another document used for this study is “BEST PRACTICES OF CONCRETE 
PAVEMENT TRANSITION DESIGN AND CONSTRUCTION” sponsored by the 
Texas Department of Transportation Research and Technology Implementation office 
(Jung et al. 2007.)  This report explains most types of transitions that consist of a variety 
of joint combinations and slab configurations.  Districts regularly designing and 
constructing concrete pavements have developed standards and practices for some 
transitions and have learned from experience what the best practices are. However, these 
practices are not yet established for districts interested in building more concrete 
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pavements.  One of the most frequently constructed types of concrete pavement transition 
from a CRCP to JPCP or to a bridge is introduced.  The idea of reducing the amount of 
reinforcement over the length of the transition slab as the force is reduced was taken from 
this report.  This reinforcement reduction as will be explained will help the designer 
achieve a uniform crack pattern on the transition slab. 
ACI report 224.2R-92 (Reapproved 1997) , Cracking of Concrete Members in Direct 
Tension, has also been used for the tension control provisions.  This report is concerned 
with cracking in reinforced concrete caused primarily by direct tension rather than 
bending.  Equations for predicting crack spacing and crack width are presented.   
Methods for estimating post-cracking axial stiffness are discussed. 
1.6. Organization of the dissertation 
This dissertation consists of six chapters. 
Chapter 1. Background and Problem Statement, introduces the reader a background 
to the “Seamless Bridge Systems”, their development in Australia for continuous rigid 
pavements, and the development of the idea for the U.S. practice in which most 
pavements are either flexible or jointed rigid. 
Chapter 2. Development of the system and parametric study, provides a description 
of the bridge system and the results of parametric study carried out on two prototype 
bridges. 
Chapter 3. Experimental program, addresses the development of the experimental 
program, the construction and instrumentation of the test sample, the test, and the 
experiment results. 
Chapter 4. Finite Element Analyses, starts with some explanation of the material 
models for steel and concrete and development of the model parameters for the materials 
used in the experiment, and then it continues with the finite element study of the test 
sample. 
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Chapter 5.presents the design methods for the newly developed seamless bridge 
system for the U.S. practice in which most pavements are either jointed rigid or flexible.  
An example is also provided at the end of the chapter. 
Chapter 6. provides the life-cycle-cost-analysis (LCCA) carried out to investigate the 
economic feasibility of using the proposed seamless system. 
Chapter 7. Development of Design Provisions; Seamless Bridge System with CRC 
Roadway Pavement, presents the design methods and an example for the original 
seamless bridge system as developed in Australia. 
Chapter 8. Conclusions and Recommendations, provides the summary and 
conclusions. 
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Chapter 2.  
Development of the system and parametric 
study 
2.1. Scope 
Finite element and theoretical methods have been utilized to achieve a better 
understanding of the newly developed seamless bridge system behavior.   
Parametric studies have been carried out to examine the behavior and effectiveness 
of the seamless bridge concept with various transition region configurations. 
2.2. Theoretical study of the seamless bridge system used 
with continuous roadway (CRCP) 
Closed form equations are developed to determine the required length for the 
transition slab of a seamless bridge system as developed in Australia (CRCP roadway 
approaches a bridge, Figure 1-1.) The results of this theoretical analysis are compared 
against SAP2000 computer software results to spot-check the correctness. 
2.2.1. Development of closed-form equation 
A uniform temperature increase is applied to the bridge, approach slab and the 
transition zone.  There are no joints between the bridge deck, approach slab, the transition 
zone, and the Continuously Reinforced Concrete Pavement (CRCP) roadway. 
By definition, the transition zone is defined as the region between the approach slab 
and a section on the CRCP roadway that all bridge movements are dissipated through the 
friction between the road slab and the base soil.  In other words, the end of the transition 
zone is a section on the road slab that will not move due to the balance of forces from 
both sides.  While longitudinal movements can take place at any section within the 
approach slab and transition slab, there can be no movement of the section at the interface 
between the end of the transition slab and the CRCP roadway at the end of the transition 
zone.  The movement along the length of the transition zone is δ.  The equations are 
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developed for a generalized case of a straight and symmetric bridge, approach slab, and 
transition slab.  Figure 2-1 shows the simplified free body diagram of the bridge system. 
In this figure FB is the thermal horizontal in-plane force in the bridge (constant), FA 
is the thermal horizontal in-plane force in the approach slab, and F0 is the force at the end 
of the transition zone, exerted from the CRCP roadway.  f is the friction force between 
the pavement and the base per unit length of the transition zone.  t is the thickness of the 
pavement. 
 
Figure 2-1- Free body diagram of the bridge, approach slab, and the transition zone 
If (EA)T is the axial stiffness of the transition zone (pavement), (EA)B is the axial 
stiffness of the Bridge (considering the bridge deck and girders) , (EA)A is the axial 
stiffness of the approach slab and the behavior of the system is assumed to be 
linear-elastic region, then the required length for the transfer region, LT, can be calculated 
as follows. 
Note that width of the pavement section shown in the figure is unit. 
The force in the transition zone is F0 + f.x 
Since there is no friction between the approach slab and the base soil, the force in the 
approach slab and the bridge can be assumed uniform and equal to F0 + f.LT 
In which LT is the length of the transition zone. 
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TABEnd LLLL Δ+Δ+Δ==Δ δ  Eq. 2-1 
Where ΔLB, ΔLB, and ΔLB are the deformations of half of the bridge length, the 
approach slab length, and the transition zone length, respectively. 
The terms in the above equation can be written as follows; 
B
BB
BB (EA)
LF-TL Δ=Δ αBL  Eq. 2-2 
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Eq. 2-4 
The term  f can be determined as follows; 
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Therefore the Eq. 7-5 above can be written as; 
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-TL
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α Δ=Δ TL  Eq. 2-6 
The in-plane horizontal force in the bridge and approach slab can be written as; 
ܨ஻ = ܨ஺ = ܨ଴ + ݂. ܮ்
 
Eq. 2-7 
Plugging Eq. 2-2, Eq. 2-3, Eq. 2-5, Eq. 2-6 and Eq. 2-7 into Eq. 2-1, a quadratic 
equation in terms of LT is developed.  In other words, LT (length of the transition slab) is 
the un-known of the quadratic equation and can be determined using the closed form 
solution.  In order to find the location of the end of the transition zone, 
0=Δ+Δ+Δ==Δ TABEnd LLLL δ . 
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ܣݔଶ + ܤݔ + ܥ = 0 
ݔ = −ܤ ± √ܤ
ଶ − 4ܣܥ
2ܣ  
 
ܣ = −12
ߤߛ௖
ܧ்  Eq. 2-8 
ܤ = −݂ܮ஻(ܧܣ)஻ −
݂ܮ஺
(ܧܣ)஺ −
ܨ଴
(ܧܣ)் +∝் ∆ܶ Eq. 2-9 
ܥ =∝஻ ܮ஻∆ܶ +∝஺ ܮ஺∆ܶ −
ܨ଴ܮ஻
(ܧܣ)஻ −
ܨ଴ܮ஺
(ܧܣ)஺ Eq. 2-10 
ܮ் =
−ܤ − √ܤଶ − 4AC
2ܣ  Eq. 2-11 
Where 
=f friction force between the pavement and the base per unit length of the 
pavement 
For a case with no force at the end of the transition zone, F0 is zero.  Otherwise, the 
value of F0 shall be assumed (to maintain the desired crack pattern or to satisfy other 
design requirements) and the equation can be solved for LT. 
It should be noted that the abovementioned calculations are based on an increase in 
the temperature which causes compression in the transition zone.  In the case of the 
temperature reduction that would cause tension in the system, all above-mentioned 
equations are still valid as long as the slab does not crack.  After cracking, the simplest 
method for solving the problem will be reducing the slabs axial stiffness for a cracked 
member.  In other words, all (EA) terms that are related to the axial stiffness of the slabs, 
will be substituted with the reduced effective axial stiffness of the sections (EA)eff. 
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F0 = 12847 kips, the compressive stress of 1900 psi will be developed that is in the 
tolerable range for the compressive strength of the concrete. 
Figure 2-3 is a MS Excel spreadsheet developed to determine the required length of 
the transition zone to achieve zero movement at the end of the transition. 
The abovementioned calculations were repeated for various value of F0 (force at the 
end of the transition slab) and the required length of the transition zone to achieve zero 
movement at the end of the transition slab was determined. 
Figure 2-3- MS Excel spreadsheet developed to determine the required length of the transition zone 
to achieve zero movement at the end of the transition zone 
Figure 2-4 shows the results of a parametric study carried out on the bridge.  This 
figure also contains the SAP2000 comparison at 6 points.  A 100 °F temperature increase 
has been applied to this bridge system. 
COF, μ 1.5 f'c (psi) 5000
Transition Length (ft) 400 γc (pcf) 145
Temperature Increase (°F) 100 Ec (ksi) 4074.281 Es (ksi) 29000
Mass per 
Unit Volume 4.503 n= 7
Bridge Length (ft) 120 α (/°F) 5.5E-06
Approach Length (ft) 16
Bridge Width (ft) 46.875
Bridge Deck Thickness (in) 8.5
Approach Slab Thickness (in) 18
Transition Slab Thickness (in) 12
Bridge Girder Material Steel
Area of each bridge girder (sq.in.) 62.00
No. of Bridge Girders 5
Equivalent Stiffness of Bridge (EA/L)B 19668 kips/in
Equivalent Stiffness of Approach (EA/L)A 214855 kips/in
Equivalent Stiffness of Transition (EA/L)T 5729 kips/in
Force in Transition at the End = F0 (kips) 12847
Force in Transition at Approach (kips) 16926
Force in Bridge (kips) 16926
δ at the end of the transition slab (in) 0.00000
f 0.849609375 kips/ft
A -1.8536E-07
B 3.56909E-05
C 0.015381231
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If it is desired to achieve a state of no movement and no force at the end joint, that is, 
the length of the transition slab is sufficient for friction forces to completely dissipate the 
thermally induced movements throughout the length of the transition slab, the excel 
spreadsheet shown in Figure 2-3 can be used.  The required length for the transition slab 
will be about 2854 feet (0.54 miles).  This system now can be used with the U.S. most 
common road pavement practice which is either flexible or jointed pavement.  The design 
procedure for this system has been explained in Appendix A. 
2.3. Development of the seamless bridge system used with 
jointed or flexible pavements (U.S. Practice) 
The most common pavement types used in the United States are either flexible 
pavements or rigid jointed pavements (JPCP).  As the result, there has to be a joint at the 
roadway-bridge interface.  If this end joint has limited movements, there will be no 
mechanical joint or just a sealant type of joint required at the location of this end joint.  
This will result in very great ride quality and also infinite or long joint life.  Only the use 
of dowel bars will be sufficient to transfer the out-of-plane forces through the end joint to 
avoid faulting.  No grade beams will be required.  This system will also be a very great 
system to be used with curved and skewed bridges because of its greater redundancy, 
integrity and because of the greatly reduced demand on the bridge abutments.  Only 
shallow foundations may be required for the bridge abutments to transfer the gravitational 
forces to the ground.  A large portion of the horizontal forces will be transferred to the 
transition slab. 
As it was explained in section 2.2.2, the required lengths for the transition slab to 
effectively transfer all the thermal forces to the base soil via friction and reach a point of 
zero force and zero displacement is very long.  Therefore, there is a need for a more 
effective way to transfer the forces to the base soil in a more reasonable transition slab 
length. 
One method to increase the resistance between the base soil and the transition 
pavement is the use of either soil nails or micro piles which are driven into the base soil, 
leaving their tops to be cast into the concrete slab creating a mechanical connection. 
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This idea can be combined with the detail explained in section 1.3 (Figure 1-5) to 
achieve a desired transition system (that effectively dissipates the bridge thermal 
movements over its length and also develops a desired and uniform crack pattern through 
its length). 
A schematic showing a combination of the two details (transition zone reinforcement 
reduction and soil nails) is shown in  Figure 2-5. 
 
Figure 2-5- Schematic combination of the transition zone, reinforcement reduction, and the soil nail
(for the 100% reinforcement being a baseline amount of reinforcement) 
Study of this system needs an understanding of the soil-structure interaction between 
the small piles and the base soil. 
2.3.1. Soil-structure interaction 
The interaction between the soil and the soil nails can be modeled using springs 
which represent the stiffness of the soil.  Some representative values for the effective 
spring stiffness per unit length of the pile, kh, are given in Table 2-1.  These values have 
been developed for HP10×42 piles. 
Since the small piles are intended to be driven relatively shallow in the base soil, the 
same stiffness will be used for the springs over the depth of the soil nails.  On the other 
hand, the transition zone of a bridge is to be constructed on a compacted soil (stiff).  Plus, 
the transition slab’s weight applies confinement on the base soil.  Therefore, for a 
preliminary study, the stiffness values for stiff soils can be used to determine the stiffness 
of the springs. 
72x = 72 × 3 ft = 216 kips/sq.ft. 
Road pavement
Approach Zone
Bridge
Transition zone
60 % 30 % Reinforcement100 %120 %200 %
Soil Nails
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216 (kips/sq.ft) × 6.94 = 1500 lb/sq.in. 
If the springs are spaced at 6 in on the length of the small piles, the effective spring 
stiffness can be determined as follows. 
1500 lb/sq.in. × 6 in. = 9000 lb/in. 
Therefore, a stiffness value of 9000 lb/in will be used in the finite element models to 
model the soil pile interaction. 
Table 2-1- Values of kh for clay and sand, Soil properties for an HP 10×42 pile in clay and sand 
soils (Iowa DOT Report HR 273) 
 
SAP2000 was used to develop a finite element model for a 7 feet long small pile 
driven in the base soil.  The top end of the small pile was pushed and deformed shape 
profile of the small pile in the soil was developed.  Figure 2-6 shows the deformation 
profiles of small pile versus the soil depth for various pile sections and soil stiffness of 
 
Clay 
 
Soft Stiff Very Stiff 
Blow count, N 3 15 40 
Effective unit  
weight,  y(pcf) 
50 60 65 
Undrained 
cohesion, cu (psf) 
400 1,600 5,000 
Pu (kif) 
(use lesser  value) 
3.0or 
1.0 + 0.24x 
12or 
3.9 + 0.85x 
37or 
12.5 + 10.1x 
kh (ksf) 
(use lesser  value) 
72or 
24 + 5.8x 
580or 
190 + 41x 
2,200or 
750 + 610x 
 
Sand 
 
Loose Medium Dense 
Blow count, N 5 15 30 
Effective unit  
weight, y(pcf) 
55 60 65 
Angle of friction, <1> ao• 35° 40° 
Pu (kif) 0.070x2 + 0.12x 
for x ,;; 20 
 
1.5x forx  
> 20 
0.15x2 + 0.17x 
forx s 18 
 
2.9x forx 
> 18 
0.26x2 + 0.24x 
forx  s 22 
 
5.9x forx 
> 22 
kh(ksf) 8.0x 27x 72x 
580 
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2.3.2. Development of the proposed system with secondary slab 
As mentioned in the previous section, one concern about the long-term performance 
of the systems discussed so far is the system may lose its effectiveness after multiple 
cycles of movement in the small piles even in the case the piles are driven deep enough to 
achieve a cantilever deformation.  That is, the soil surrounding the piles gets compacted 
due to the pile movement, and after some cycles, the piles will not be in contact with soil.  
Figure 2-7 shows the new force transfer concept proposed to mitigate this problem.  
Figure 2-8 shows the possible construction sequence for the proposed system.  In this 
system a secondary slab will be constructed in a couple of feet depth of the base soil and 
the small piles’ ends will be connected to this slab.  This way, even in the case the soil 
surrounding the small piles get compacted and does not apply any resistance against the 
pile movement, the secondary slab will still be in effect.  The soil underneath the 
transition slab might settle over time.  In this case there might be a need for very shallow 
underfilling in the soil right beneath the transition slab. 
Figure 2-7- A 3-D representation of the proposed seamless bridge system with secondary slab and 
small piles 
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Figure 2-8- (a) New force transfer concept (b) construction sequence (c) future underfilling 
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2.4. SAP2000 analysis of prototype bridges and parametric 
study 
Two prototype bridges with the proposed seamless system were modeled and 
studied.  The finite element package SAP2000 (version C 9.1.0) was used to develop the 
finite element models.  This program is fairly easy to use especially when the general 
behavior of a structure is being studied.  The presentation of the results is easy to 
understand and interpret.  Because of the small running time for this program, parametric 
study of the structure using this package is very cost effective.  All elements were 
modeled using shell elements.   
70 feet long one span bridge 
Figure 2-9 shows the dimensions of the first bridge structure modeled. The girders of 
the bridge are the same as the calibration bridge used in Kathol et al. (1995).  The bridge 
consists of three steel girders and a 6 in. thick deck slab.  An approach slab with 15 ft 
length and 18 in thickness is also considered.  The structure then is connected to a 
transition zone with 12 in thickness.  Two different lengths of 30 ft and 70 ft were studied 
for the transition. 
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(a) 
(b) 
(c) 
Figure 2-9- First bridge used in the Finite Element Modeling (Kathol et al. (1995)) 
Due to the symmetry of the structure about two axes, only half of the one girder is 
modeled.  Figure 2-10 shows the schematic model of the structure and the supports and 
boundary conditions. 
Figure 2-10- Schematic of the bridge structure modeled with SAP2000. Longitudinal half-length 
model and the supports and the boundary conditions 
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The effect of 80 °F, 100 °F and 120 °F temperature increase is studied for the various 
lengths of transition zones.  The secondary slab is located in the 4 ft depth and the small 
piles section is W10×49.  Two small pile configurations were considered; 4ft spacing in 
both longitudinal and transverse directions, and 4 ft longitudinal and 3 ft transverse 
spacing.  Figure 2-11 shows the SAP2000 model of the prototype bridge with 30 feet 
long transition zone.  The soil around the small piles was also modeled using springs 
spaced at 6 inch on the small piles’ length. 
Figure 2-11- SAP2000 three-girder model of the prototype bridge, secondary slab located at 4 ft 
depth, small piles W10×49, 30 ft transition zone 
The contours of horizontal movement resulted from a 100 °F temperature increase in 
the bridges 30 feet long transition zone is shown in Figure 2-12. 
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As mentioned, the finite element package SAP2000 (version C 9.1.0) was used to 
develop the finite element model (Figure 2-19).  Due to the symmetry of the structure 
about two axes, only half of the bridge was modeled.  The effect of 80 °F, 100 °F, and 
120 °F temperature increase is studied.  Shell elements were used to develop the 
SAP2000 models.  The small pile configuration used for the transition zone of the bridge 
consists of W10×49 steel pile sections spaced at 4 ft longitudinally (the same as what was 
considered the most effective configuration for the prototype bridge.)  The secondary slab 
is located in the 4 ft depth. 
Figure 2-19- SAP2000 model of the bridge (secondary slab located at 4 ft depth, small piles W10×49 
spaced at 4 ft, 30 ft transition zone, 120 °F temperature change) 
Figure 2-20 shows the horizontal displacement contours for the bridge full model 
due to 120 °F temperature increase. 
Figure 2-20- Horizontal displacement contours for the bridge model (secondary slab located at 4 ft 
depth, small piles W10×49 spaced at 4 ft, 30 ft transition zone, 120 °F temp. change) 
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Figure 2-26- Horizontal displacement contours for the bridge model (secondary slab located at 4 ft 
depth, small piles W10×49 spaced at 4 ft, 30 ft transition zone, 100 °F temperature 
change) 
The SAP2000 model analysis is executed for various transition slab lengths of 6, 14, 
22, 30, 34, 42, 50, and 60 feet as well as the bridge without a transition region.  Figure 
2-27 and Figure 2-28 shows the parametric study results for the movement of end joint of 
the bridge and transition zone system versus the length of the transition slabs (for a case 
of 80 °F and 100 °F temperature increase, respectively).  Again, as can be seen in this 
figure, increasing the length of the transition slab with a same number of small piles per 
unit length will not be effective in reduction of the bridge system’s end joint movements 
after a point.  The reduction of the movement of end joint is initially rapid but the 
reduction of movement of end joints will not be as significant after some point. 
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Chapter 3.  
Experimental program 
3.1. Scope 
This section summarizes the experimental program designed for studying the 
behavior of the proposed seamless bridge system.  As it has been described before, this 
system is comprised of a transition slab that is connected to the bridge deck without any 
joints.  A series of small piles connect the transition slab to a secondary slab embedded in 
the base soil. The test program will simulate the transition slab being subjected to 
multiple cycles of in-plane loading.  The effectiveness of the system in transferring the 
in-plane axial loads from the pavement to the base soil will be studied as well as the 
effectiveness of the connection of the concrete slab to the steel piles.  The experimental 
program also provides a good understanding of the effect of the presence of the 
geomaterial around the small piles. 
Geotechnical aspects of the fill material used around the small piles have been 
researched and presented.  The results of extensive geotechnical testing on the sand and 
gravel mix used in the experimental program have been summarized.  Recommendations 
have been made on the use of geomaterial and its compaction requirements around the 
small piles. 
The experimental program consisted of four major phases.  The first phase was 
design and development of the new system for a prototype bridge.  In this phase, a 
parametric study was carried out in order to develop an effective configuration of the 
seamless system configuration for the prototype bridge.  In the second phase, the concept 
of an experimental program was developed.  This conceptual experimental program was 
aimed at construction of a full-scale physical model of a segment from the transition zone 
configuration developed in phase one.  Phase three of the experimental program consisted 
of the construction and instrumentation of the test sample in the University of 
Nebraska-Lincoln Structures Lab.  And phase four was performing the test on the 
constructed sample. 
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The construction sequence of the transition system has been explained via the 
detailed description of the construction of the test specimen. 
3.2. Objectives of the experimental program 
The main objective of this experimental program is to calibrate the finite element 
model and to compare the results obtained from the finite element model against the 
results obtained from the tests.  Once the finite element model is calibrated using the 
experimental program, a more extensive finite element study will be carried out to better 
determine the behavior of the proposed system and develop a more advantageous system. 
The behavior of the geomaterial around the small piles will also be investigated in 
this experimental program.  After the test is finished, the geomaterial around the small 
piles will be well investigated for soil compaction around the small piles and the 
compacted region’s depth. 
Also the amount of increase in-plane resistance developed in the system due to 
presence of the geomaterial around the small piles will be investigated. 
Behavior of the small piles-slab connection will also be investigated. 
3.3. Phase one; design and development of a prototype 
system 
The results of the parametric studies explained in section 2.4 were used to develop 
the experimental program.  The optimal system for the prototype bridges was developed 
and that optimal system is used to design the experimental program. 
The small piles configuration with W10×49 small piles spaced at 4 feet was selected. 
3.4.  Phase two; Conceptual design of the experimental 
program 
In this section the experimental program designed to investigate the behavior of the 
main components of the new seamless system, the transition pavement connected to a 
secondary slab using small piles, is explained. 
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As a general overview, the experiment will consist of two slabs (one acting as the 
transition slab and the other acting as the secondary slab) connected together using small 
piles with W10×49 section.  The slabs are 12 feet long, 5 feet wide with 14 inches 
thickness.  The spacing of the small piles is 48 inches.  This entire system is constructed 
in a container filled with compacted soil.  This system represents a section of the 
prototype bridge’s transition zone.  The dimensions of the soil container are 15 ft long by 
9 ft width and 5 ft height.  The upper slab, which represents the transition zone’s slab, 
will be pushed and pulled using hydraulic actuators that are anchored to a concrete block, 
designed to resist against any movement or failure due to the high loads needed to move 
the system.  Figures Figure 3-1 and Figure 3-2 show the schematic view of the system. 
Figure 3-1- Schematic longitudinal view of the soil container, two slabs connected together using 
W10×49 steel sections, and the anchor 
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Figure 3-2- Schematic transverse view of the soil container, two slabs connected together using 
W10×49 steel sections, and the anchor 
Figure 3-3 shows the schematic plan of the testing system. 
Figure 3-3- The schematic plan of the testing system 
Since the force needed to push/pull the upper slab is very large and this force has to 
be effectively transferred to the top slab without causing local cracking or failure around 
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the connection point, the section shown in Figure 3-4 will be used at the end of the upper 
slab.  The force from the steel section will be transferred to the slab via the reinforcement 
in the slab.  These reinforcing bars are connected to the steel shape using barlocks. 
 
Figure 3-4- Connection of the upper slab to the hydraulic actuators 
To effectively connect the small steel piles to the concrete slab, a steel plate will be 
welded to the end of the small piles with full-penetration weld, and this end will be 
embedded in the concrete slab.  Shear studs will be used on the steel base plate as well as 
the flanges of the small piles.  Figure 3-5 shows the schematic of the connection. 
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Figure 3-5- Small piles to be used in the test to connect the upper and lower slabs 
3.5. Phase three; Construction and instrumentation of the test 
specimen 
The construction phase of the experimental program started after the design was 
completed.  This phase was comprised of various construction stages; construction of the 
anchor, fabrication of the steel small piles, construction of the concrete box, Construction 
of the bottom slab with the bottom end of the small piles embedded in the slab, 
instrumentation of the small piles, compaction of the sand and gravel mix in the concrete 
box, construction of the top slab with the topper end of the small piles embedded in the 
slab, instrumentation of the top slab and whole system. 
3.5.1. Construction of the anchor system 
The anchoring system consists of two main components: The concrete anchor block 
and the steel profile that transfers the force to the top slab. 
- Concrete anchor block 
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Figure 3-6 shows the formwork and reinforcement of the concrete anchor.  As can be 
seen in the figure, nine PVC pipes were used to uphold the post-tensioning holes in the 
concrete anchor.  DYWIDAG Threadbars can also be seen in the figure that are used to 
stiffen the formwork and also keep the PVC pipes in place. 
 
Figure 3-6- Formwork and reinforcing of the anchor before the concrete was cast 
Figure 3-7 shows the concrete pour of the anchor and Figure 3-8 shows the anchor 
after the concrete was set and the forms were pulled.   As can be seen, anchor points are 
predicted to post-tension the anchor to the strong floor. 
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Figure 3-7- Casting the concrete in the anchor 
 
 
Figure 3-8- Anchor after the concrete is set and the forms were pulled 
- Steel profile that transfers the force to the top slab 
The force from the hydrualic rams (that are anchored to the concrete block) are 
transferred to the top slab through the top slab rebars.  The top slab’s rebars were 
connected to a steel profile at the end.  This conection was made possible using steel 
weldable bar-locks (Figure 3-9). 
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Figure 3-9- Weldable steel Bar-locks for #8 bars 
In a fabrication shop, the bar-locks were welded to the flange of the steel profile with 
full penetration weld (Figure 3-10(a)).  The steel shape was also stiffened in the 
structures lab as can be seen in the Figure 3-11 (b).  To stiffen the steel profile, as 
described, web stiffeners were welded to both sides of the beam web directly in line with 
the bar-locks.  Two steel plates were also welded to the flange of the beam (to the 
opposite side of the bar-locks).  In order to run the DYWIDAG Threadbars and also place 
the washer and bolt on the whole wall in the steel beam, the same flange was also 
shimmed from inside ((b)). 
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(a) 
 
(b) 
Figure 3-10- (a) The connFigure 3-10ection of the bar-locks to the beam and (b) the beam made to 
transfer the load from the hydraulic jacks to the top slab 
3.5.2. Construction of the concrete box 
Wall-tie forms were used to construct the concrete box walls in the structures lab.  
These forms are consisted of panels that are tied together using steel ties.  The ties help 
keep the spacing of the panels (8” in this case) (Figure 3-11) 
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Figure 3-11- Wall-ties (Wall forms) used to construct the soil container- Before the concrete was 
poured 
To construct the forms, the internal layer of the wall-ties was constructed first.  The 
reinforcement of the wall was ties on the internal layer first and then the external layer 
was tied.  Figure 3-12 shows both layers of the wall-tie forms, the concrete wall 
reinforcement, and also the DYWIDAG threadbars that will be used to post-tension the 
wall to the structures lab’s strong floor. 
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Figure 3-12- 8 inch spacing between the wall-ties and the wall reinforcement;  As can be seen, the 
walls will also be anchored to the strong floor at four points 
Figure 3-13 shows the wall-tie forms and the concrete after the walls were poured. 
 
Figure 3-13- The picture of the walls after the concrete was poured 
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Figure 3-14- The picture of the walls after the concrete was poured 
Figure 3-15 shows the concrete box after the forms were pulled. 
Figure 3-15- The picture of the walls after the concrete was set and the forms were pulled 
3.5.3.  Construction of the bottom slab 
The width of the bottom slab is 5 ft.  So as can be seen in Figure 3-16, two wooden 
forms were constructed on either side of the bottom slab.  For the ease of construction, it 
was decided to construct the bottom slab from the eastern wall to the western wall of the 
concrete box instead of 12 ft long.  
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Figure 3-16- Concrete box and the forms for the bottom slab  
After the forms were placed, the small piles were placed at their designed location on 
the strong floor and then they were aligned.  In order to place the small piles on the 
strong floor with the prescribed spacing from the floor (2 in cover to the top of the shear 
studs which holds the baseplate surface spaced at 6 inches from the either faces of the 
concrete), 6 inch long reinforcement bars were tack-welded to all four corners of the base 
plates (Figure 3-17). 
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Figure 3-17- Small piles’ bottom baseplate with the four tack-welded bars on the four corners  
Figure 3-18 shows the three small piles after being placed in the concrete box. 
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Figure 3-18- Three small piles after being placed in the concrete box 
After the small piles were placed and aligned, the bottom slab reinforcement was 
built.  As described earlier, there are 6 stirrups on either side of each small pile (two rows 
of three stirrups).  The function of these stirrups is to tie the two sides of an inclined 
crack that will be form after a bending moment is transferred to the end the small piles 
(Figure 3-19). 
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Figure 3-19- The placement of the stirrups in the bottom slab around the embedment plate 
Figures Figure 3-20 and Figure 3-21 show the bottom slab reinforcement after it was 
completed.  As can be seen in this figure, PVC pipes have been placed on the location of 
the strong floor holes.  These holes will be used to post-tension the bottom slab to the 
strong floor to avoid any horizontal movements during the test. 
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Figure 3-20- Reinforcement of the bottom slab  
 
Figure 3-21- Concrete box, small piles, concrete forms for the bottom slab, and the bottom slab 
reinforcement 
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Figure 3-22 shows the as built plans of the bottom slab. 
 
 
 
 
Figure 3-22- As built plans of the bottom slab 
Figure 3-23 shows the casting of the bottom slab. 
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Figure 3-23- Concrete pour in the bottom slab 
Figure 3-24 shows the bottom slab after the bottom slab concrete was poured and 
leveled. 
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Figure 3-24- Bottom slab after the concrete is poured and leveled 
Figure 3-25 shows the use of burlaps and plastic sheet to cure the concrete of the 
bottom slab.  Basically they prevent the concrete moisture from evaporating from the 
surface of the concrete.  Usually the burlap is watered the day after the concrete is poured 
to compensate for the lost moisture lost from the surface.  
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Figure 3-25- Curing the bottom slab concrete 
After the bottom slab concrete was cured and gained its strength of 28 days, it was 
anchored to the strong floors using DYWIDAG threadbars at six points (Figure 3-26). 
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Figure 3-26- The bottom slab has been anchored to the strong floor at six points 
3.5.4.  Fabrication of the steel small piles 
The fabrication of the steel small piles was carried out in a fabrication shop to 
acquire the required fabrication tolerances.  Figure 3-27 shows the W10×49 small piles.  
As can be seen in this figure, there are three small piles.  The fabricator was asked to 
deliver a drop of the same W10×49 sections used in the fabrication of the small piles as 
well.  This drop section will be used to obtain the material testing specimens. 
As can be seen in Figure 3-27, each embedment plate has 16 shear studs welded to it.  
There are four shear studs on the flanges of the small piles, two studs on each flange. 
The embedment plates are connected to the small piles using fillet weld that are 
designed to transfer the full plastic moment of the W10×49 steel section to the plate; i.e., 
the capacity of the weld on each element of the section (flanges and web) is larger or 
equal to the capacity of that section element. 
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Figure 3-27- The small piles with their end embedment plates, the shear studs, and the drop section 
for the future material testing 
The Figure 3-28 shows the welded flange of the W10×49 section to the embedment 
plate.  As can be seen in this figure, five passes of weld has been utilized in order to 
achieve the required 5/8 inch weld dimension.  For the web connection, three passes were 
used to achieve the 3/8” required weld dimension. 
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Figure 3-28- The connection of the embedment plate to the small piles 
3.5.5. Instrumentation 
The instrumentation of the experimental specimen consists of steel resistant strain 
gages, concrete surface resistant strain gages, and potentiometers.  ARAMIS optical 
strain mapping system was also utilized to obtain the strain field on the surface of the top 
slab, above the location of the middle small pile. 
The sketch of the resistant strain gages for the small piles is shown in Figure 3-29.  
The first small pile on the load line (which is located on the west side of the structures 
lab, Pile 1) is the small pile with the most numbers of resistant strain gages.  The strain 
gages on this small pile consist of 10 flange strain gages (5 on each flange) and 4 web 
strain gages.  Each of the two other small piles (the middle one and the eastern one, piles 
two and three respectively) have four strain gages on the flanges (two on each flange, top 
and bottom). 
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Figure 3-29- Instrumentation plan, sketch of the resistant strain gages for the small piles 
Figure 3-30 shows the sketch of the locations of the concrete surface resistant strain 
gages, steel resistant strain gages for the reinforcement bars in the top slab, and the 
potentiometers locations. 
There are 4 potentiometers installed on the height of the small pile 3 to develop the 
deformed curvature of the element during the loading.  In order to connect the 
potentiometers to the small pile, a small hole was tapped on the flange and a steel rod was 
screwed to the flange.  A plastic pipe was placed around the steel pipes in order to protect 
them and also reduce the friction in between the compacted soil and the steel rod.  This 
way it was assured that potentiometers will stay effective during the test because it would 
not be possible to re-attach them during the test if they fail.  There are 4 other 
potentiometers used in the system.  Two potentiometers were connected to the end of the 
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top slab (north and south corners) and two were connected to the surface of the top slab 
(one to the beginning and one to the mid-length.) (Figure 3-30 and Figure 3-31) 
 
 
Figure 3-30- Instrumentation plan, sketch of the locations of the concrete surface resistant strain 
gages, steel resistant strain gages for the reinforcement bars in the top slab, and the 
potentiometers 
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Figure 3-31- Potentiometers connected to the small pile #3 and the top slab (East view) 
Figure 3-32 shows a strain gage installed on the flange of the pier 2.  As can be seen 
in this figure, the strain gage does not have a protection yet. 
 
Figure 3-32- A strain gage after installation (no protection at this point) – Pier 2, Eastern Flange 
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Figure 3-33 shows the strain gage instrumentation of the small piles.  As can be seen, 
the strain gages are protected and the wires are running on the floor and out of the box. 
 
Figure 3-33- Strain gage instrumentation of the small piles 
Since the soil around the small piles was to be compacted using a vibratory plate, it 
was necessary to properly protect the strain gages from being damaged.  In order to do so, 
an aluminum profile was cut to pieces and placed on top of the strain gages (Figure 3-34). 
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Figure 3-34- Extra protection of the strain gages on the small piles before the compaction of the soil 
in the concrete box 
Figure 3-35 shows the steel rods covered with a plastic pipe to be connected to the 
potentiometers (small piles 3). 
 
Figure 3-35- Potentiometer connections on small pile 3 
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Figure 3-35- Continued 
Figure 3-36 shows the top slab with four surface strain gages installed and Figure 
3-37 shows a close-up from one of the strain gages. 
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Figure 3-36- The top slab with the four surface strain gages installed 
 
Figure 3-37- A concrete surface strain gage installed on the top slab concrete surface 
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A plotter was also used to develop the general load-displacement curves for the 
system as the test was ongoing (Figure 3-38).  This plotter read the displacement data 
from the potentiometer connected to the beginning of the top slab and it read the force 
data from the load cell connected to the actuators. 
Figure 3-38- Plotter used to draw the load-displacement of the structure and data logger (Mega Dac 
system) 
Another tool used to obtain the strain field on the surface of the top slab concrete 
above the location of the middle small pile was ARAMIS optical strain mapping system. 
ARAMIS High-Speed is a powerful optical system for measuring the full-field 
dynamic behavior of complex materials and structures.  The system offers a non-contact 
measurement of 3D coordinates, 3D deformation and strain using 3D image correlation 
methods (digital image correlation, DIC) using high-resolution, high-speed digital CCD 
cameras.  
The object under load is viewed by one (2D) or two (3D) high-resolution digital 
CCD cameras.  The deformation of this structure under different load conditions is 
recorded by the CCD cameras and evaluated using digital image processing.  The results 
are the 3D-coordinates, 3D displacements, the surface strain and the complete strain 
tensor. 
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One of the common uses of the ARAMIS system includes FEM confirmation and 
boundary condition checking.  
  ARAMIS is a powerful optical system for measurement of complex materials and 
structures for their 3D deformation and strain during loading.  This tool is a highly 
robust, full-field, non-contact strain measuring testing device.  The system offers a non-
contact measurement of 3D deformation and strain using 3D image correlation methods 
(digital image correlation, DIC) using high-resolution digital CCD cameras.  
The basic of the process is the object under load is viewed by one (2D) or two (3D) 
high-resolution digital CCD cameras.  The deformation of this structure under different 
load conditions is recorded by the CCD cameras and evaluated using digital image 
processing.  The results are the 3D-coordinates, 3D displacements, the surface strain and 
the complete strain tensor. 
Some significant features of ARAMIS include: 
• Large measuring area from small to large objects (1 mm up to 1000 mm) 
• Simple preparation of the specimen because ARAMIS works on both, random and 
regular patterns. 
• High data point density 
• Highly efficient and flexible system due to a compact measurement set-up and 
highly developed analysis software. 
• Strain can be measured in the range of 0.05% up to several 100%. 
• Good understanding of the component behavior by the use of graphical 
representation of the measuring results. 
• Surface strain values 
• Strain rates 
Unlike other techniques, ARAMIS is a robust solution for full-field analysis of small 
specimens (mm) up to large components (multiple 10 m). Measurements are carried out 
independently from geometry and temperature without time-consuming and expensive 
specimen preparation.  ARAMIS helps to better understand material and component 
behav
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Figure 3-40- Top slab with the dotted pattern on the surface for the ARAMIS strain measurement 
and the computer interface 
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3.5.6. Compaction of the sand and gravel mix in the concrete 
box 
Specialists from the Nebraska Department of Roads (NDOR), Construction 
companies (Hawkins Inc.), and Alfred Benesch Co. soil mechanics consultants were 
consulted to figure out the practice for soil compaction in the approach region of a bridge.  
Other documents such as NDOR BOPP Manual (Bridge Office Policies and Procedures 
2011) and also the Standard Specifications for Highway Construction (2007) were also 
researched for the matter. 
The soil that is normally used in the state of Nebraska for the approach area of a 
bridge and also as the base soil is 47B sand and gravel mix (depicted in Figure 3-41.)  
Therefore, the same sand and gravel mix was ordered to the structures lab of the 
University of Nebraska-Lincoln. 
As it is explained in section 3.8.3 Soil mechanics tests, the moisture-compaction 
curve for the 47B sand and gravel mix is inverted (Figure 3-106).  In other words, the 
curve has a minimum compaction instead of a maximum.  This is a Platte River sand 
specification that has been observed in most of the 47B sand and gravel mixes by NDOR.  
That means the soil will get a minimum compaction at specific moisture.  As it can also 
been in Figure 3-106, higher soil compaction will be achieved in very high moistures.  
The only concern was achieving a lesser compaction by submerging the soil in the 
concrete box by adding too much water during the compaction process.  To avoid 
submerging the soil in the concrete box and get a high compaction, it was decided to 
construct a drainage system at the bottom of the concrete box, on the two sides of the 
bottom slab, to drain the extra added water out of the box. 
Having the drainage system, the soil could be placed and spread in the concrete box 
in layers and then watered very generously because the excessive water would be drained 
(due to the very permeable nature of the 47B sand and gravel mix). 
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(a) 
 
(b) 
Figure 3-41- (a) The depot of 47B sand and gravel mix to be filled in the concrete box (b)The 47B 
sand and gravel mix to be used for the fill in the concrete box 
With the bottom slab running from West to East side of the concrete box, there was 
no hole on the strong floor on the South side of the bottom slab and the North side had 
holes only on half of the length.  Therefore, a drain pipe was placed on the Southern side 
of the bottom slab with its end connected to a hole on the concrete box’s eastern wall.  
This pipe was leveled on the sand and gravel mix.  On the Northern side of the bottom 
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slab, the strong floor’s hole-caps were removed and a screen was placed on top of the 
holes.  A drain pipe was placed on the Eastern half of the floor to collect the drained 
water (Figure 3-42). 
 
(a) 
 
(b) 
 
(c) 
Figure 3-42- (a) South side drain pipe connected to the eastern wall on the concrete box (b) South 
side drain pipe leveled on the sand to remove water efficiently (c) North side drain 
pipe and the screen placed on the strong floor holes 
The soil compaction procedure was as follows; the sand and gravel mix was poured 
on the bottom of the concrete box using either the compact track loader (Figure 3-43) (for 
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the southern side) or the bucket and crane (for the northern side).  Then this soil was 
spread.  The thickness of each layer was 4 inches before the compaction.  This layer then 
was watered thoroughly using a hose and at the same time, the vibratory plate was used 
to compact the soil (Figure 3-44).  Multiple runs were taken on the soil’s each layer to 
achieve the desired compaction.  For the areas around the small piles, around the strain 
gage wires, and around the potentiometer rods, a hand tapper was utilized to either avoid 
excessive force on the instrumentation or to get an effective compaction on the hard to 
access corners. 
 
Figure 3-43- The Compact Track Loader used to load the soil in the concrete box as well as the 
bucket 
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Figure 3-44- The sand and gravel mix is spread, watered, and compacted using a vibratory plate 
The relative density of the compacted soil was measured periodically during the 
compaction process using a nuclear density measurement device (Figure 3-45). 
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Figure 3-45- The relative density of the compacted soil is measured using a nuclear density device 
Figure 3-46 shows the concrete box filled with compacted sand and gravel mix.  As 
can be seen in this figure, 5 inches from the top end of the small piles and one inch thick 
embedment plate is sticking out of the compacted soil. 
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Figure 3-46- The concrete box is filled with compacted sand and gravel mix and 5 inches from the top 
end of the small piles and one inch thick embedment plate is sticking out of the 
compacted soil 
3.5.7.  Construction of the top slab 
The construction of the top slab was consisted of placing, aligning and restraining 
the end anchor profile into place, placing the #8 longitudinal main reinforcing bars in the 
bar-locks and tying them, completing the remaining reinforcement, building the 
formwork, installing the bars’ strain gages, and pouring the concrete.  
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- Placing, aligning and restraining the end anchor profile into place: 
The end anchor was lifted and placed on the compacted soil using the lab’s crane.  
After the steel shape was positioned, two DWYDAG threadbars were run through the 
concrete anchor to the steel end-anchor.  This way it was assured that after the top slab is 
poured and the anchor is permanently set into the place, the holes on the concrete anchor 
and the steel end-anchor will be aligned to run the DYWIDAG threadbars.  After the 
alignment, nuts were put on both sides of the anchors to avoid any movements during the 
rest of the construction (Figure 3-47). 
- Placing the #8 longitudinal main reinforcing bars in the bar-locks: 
In order to effectively lock the #8 bars into the bar-locks, all of the four bolts on each 
bar-lock had to be torque until the bolt head breaks off.  This started from the bottom 
layer reinforcement bars (Figure 3-48).  Figure 3-49 shows the top slab longitudinal bars 
connected to the end-anchor.  As can be seen in this figure, all of the bolt heads on the 
bar-locks are broken. 
- Completing the remaining reinforcement: 
After all of the longitudinal reinforcement was locked, the remaining bars were tied 
into the place, including the transverse bars and the stirrups (Figures Figure 3-50 and 
Figure 3-51). 
- Building the formwork: 
The wooden formwork made for the top slab can be seen in Figure 3-51. 
- Installing the bars’ strain gages: 
Four steel strain gages were installed on one of the top main #8 bars located in 
between the small piles’. 
- Pouring the concrete: 
The top slab concrete was poured using the structures lab crane and bucket (Figures 
Figure 3-53 and Figure 3-54. 
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Figure 3-47- Alignment of the concrete anchor with the steel end-anchor 
 
 
Figure 3-48- Connecting the #8 longitudinal bars to the end anchor steel profile using the bar-locks 
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Figure 3-49- #8 top slab main reinforcement  bars connected to the end anchor 
 
Figure 3-50- The reinforcement of the top slab 
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Figure 3-51- The reinforcement of the top slab around the small piles’ top end 
Figure 3-52 shows the as built plan for the top lab reinforcement. 
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Figure 3-52- As built plans of the top slab 
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Figure 3-53- Pouring the top slab concrete using a bucket and vibrating the concrete 
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Figure 3-54- Top slab concrete right after it was poured and leveled 
3.5.1. Final test setup 
Figure 3-55 shows the west and east views of the final test setup.  Two of the 
hydraulic actuators can be seen in the west view picture.  These actuators were used to 
pull the slab to the west. 
Since these actuators are not designed to apply cyclic loading, the hoses and valves 
were set up in a way that cyclic loading could be applied by switching the valves.  Two 
hose are connected to each of these actuators; one hose is the pressure to extract the rams 
and the other hose is the back pressure (return pressure) to retract the rams.  Therefore, 
four hoses (two pressures and two returns) go to each side of the anchor.  For each cycle, 
first the pump was directed to the pressure hoses on the east side rams to push the slab to 
the east.  Then the pump is directed to the return side of the east rams to retract them to 
zero force.  Now to pull the slab to the west, the pump is directed to the pressure hoses on 
the west side rams to pull the slab to the west.  And to complete the cycle, the pump is 
directed to the return side of the west rams to retract them to zero force. 
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(a) 
 
(b) 
Figure 3-55- (a) West and (b) east views of the final test setup 
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3.6. Phase four; the Experiment 
The test setup and readings from the sensors and other instrumentation were checked 
on August 1st 2011 and the system was pre-loaded.  The experiment started on August 2nd 
2011and lasted until August 5th 2011.  The first day of the experiment the displacement 
range applied was up to ±0.30 inches. 
3.6.1. Test procedures 
The test is a cyclic, displacement control in order to simulate the thermal movements 
that are applied to a bridge transition slab from the bridge. 
The loading procedure is as follows; 
- Various displacement ranges are considered for the experiment.  The 
displacement ranges were: 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 
0.50, 0.60, 0.70, 0.80, 0.90, 1.00, 1.10, 1.20, 1.40, and 1.60 inches.  The 
experiment was designed to simulate a part of the transition zone of the prototype 
bridge described in section 2.4 and the maximum displacement range for this 
bridge was 0.25 inches.  
- The first end (west end) of the top slab is moved (pushed and pulled back and 
forth) for 5 cycles at each displacement range.  For example, the west end of the 
top slab is pushed 0.30 inches and pulled 0.30 inches back and forth for 5 cycles.  
And then the next displacement range (0.35”) was approached and so on. 
The following is the sequence of actions during the test; 
- Switch the actuators to the east to push against the slab (write the time) 
- The slab is pushed very slowly (to maintain the static movement) until the 
desired displacement range is reached. 
- The force and displacement at the end of the displacement range is written 
- Unload to zero (return). 
- Switch the actuators to the west side to pull the slab to the west and write the 
time 
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- The slab is pulled very slowly (to maintain the static movement) until the desired 
displacement range is reached. 
- The force and displacement at the end of the displacement range is written. 
- If this is the first cycle of the displacement range to which the slab is being 
pulled and pushed, the slab is inspected for cracks; the previous cracks’ width is 
measured, and the newly developed cracks are marked and their widths are 
measured. 
- Go to Step one. 
- Since the used hydraulic actuators are not designed to apply cyclic loading, the 
hoses and valves were set up in a way that cyclic loading could be applied by 
switching the valves.  Two hose are connected to each of these actuators; one 
hose is the pressure to extract the rams and the other hose is the back pressure 
(return pressure) to retract the rams.  Therefore, four hoses (two pressures and 
two returns) go to each side of the anchor.  For each cycle, first the pump was 
directed to the pressure hoses on the east side rams to push the slab to the east.  
Then the pump is directed to the return side of the east rams to retract them to 
zero force.  Now to pull the slab to the west, the pump is directed to the pressure 
hoses on the west side rams to pull the slab to the west.  And to complete the 
cycle, the pump is directed to the return side of the west rams to retract them to 
zero force. 
Figure 3-56 shows the east side actuators and the hose connections.  As can be seen, 
there is one pressure gage on the South-eastern ram that measures the pressure applied to 
the ram and this pressure will be used to determine the force.  Since both rams are 
connected to the same pressure source, the pressure in both eastern rams is exactly 
identical (same applied for the west side rams when in action.) 
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Figure 3-56- East side actuators and the hose connections 
Figure 3-57 shows the CTL Crack Comparator and crack width measurement.  In 
order to make the cracks stand out in the picture, all cracks were marked on a margin 
using a black marker.  It should be noted that crack cannot be marked in the dotted area 
(for ARAMIS) because it would interfere with the ARAMIS readings.  However, 
ARAMIS detects the developed cracks. 
Figure 3-58 shows the cracking of the top slab on displacement range of 0.30 inches.  
As can be seen in this figure, there are four major cracks, all across the width of the slab.  
One is on the west side of the small pile 1, two are in between the small piles 1 and 2, and 
the fourth crack is between the small piles 2 and 3.  There are also two splitting cracks 
branching from the first crack. The timeline of the events during the test will be explained 
in more detail in the subsequent sections. 
Figure 3-59 shows the movement of the end anchor of the top slab in 1.0 
displacement range. 
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(a) 
(b) 
Figure 3-57- (a) CTL Crack Comparator (b) crack width measurement 
Figure 3-58- Cracking of the top slab on displacement range of 0.30 inches 
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Figure 3-59- The movement of the end anchor of the top slab in 1.0 displacement range 
Figures Figure 3-60 and Figure 3-61 show the cracking of the top slab at high 
displacement ranges.  As can be seen in these figures, there are numerous transverse 
cracks across the top slab, and there are numerous splitting cracks that are branching 
from the main cracks.  On the sides of the slab it could also be seen that all of the cracks 
go to the entire depth of the element. 
There are some cracks on the periphery of the base plates.  These cracks started 
developing at larger displacement ranges (more than 1.2 inches of movement) and this 
shows the baseplates started turning in the concrete.  These cracks were causing some 
spalling on the top slab as well. 
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Figure 3-60- Severe cracking the top slab at high displacement ranges 
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Figure 3-61- Severe cracking the top slab at high displacement ranges 
3.6.2. Test observations and timeline of the events 
In this section the observations during the various stages of the test are explained as 
well as the timeline of the events during the test. 
The following is the timeline of the events during the test.  The observations will be 
explained subsequently. 
121 
- The first crack occurred at the displacement of 0.10 inches and tensile force of 
123 kips when the slab was pulled to the west.  The crack was all across the slab.  
The crack width was 0.009 inch when the load was removed. 
- Under the tensile load of 121 kips and displacement of 0.125 inch, the first crack 
width was 0.015 inch. 
- Under the displacement of 0.20 inch and the tensile force of 180, the first crack’s 
width was increased to 0.020 inch. 
- The second (new) crack also occurred at the displacement of 0.20 inch and the 
tensile force of 180.  The location of this new crack was between the first and 
second small piles and the cracked crossed the entire width of the top slab.  The 
width of this crack at the load and displacement range was about 0.003 inch. 
- At the tensile load of 196 kips and displacement of 0.25 inch, the first crack 
width was 0.025 inch, the second crack width was 0.007. 
- At the tensile load of 196 kips and displacement of 0.25 inch, new splitting 
cracks also occurred that were not all across the top slab but they were branching 
from the first crack.  Some new cracks also occurred above the location of the 
bar-locks. 
- At the tensile load of 263 kips and displacement of 0.30 inch, the first crack 
width was 0.03 inch, the second crack width was 0.009. 
- At the tensile load of 263 kips and displacement of 0.30 inch, a third crack also 
developed with the location between the second and third small piles.  The third 
crack width is 0.005 inch. 
- At the tensile load of 290 kips and displacement of 0.36 inch, a fourth crack also 
developed (detected by ARAMIS) with the location between the second and third 
small piles.  This crack was very small and it was all across the top slab. 
- New splitting crack also branched from the crack #1 that crossed half of the 
width of the top slab. 
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- At the tensile load of 297 kips and displacement of 0.60 inch, the #6 crack 
developed with the location between the second and third small piles.  The width 
of the crack was 0.005. 
- A few new splitting cracks occurred at the load of 305 kips and the displacement 
of 0.70 inches. 
- 0.20 inch residual displacement was measured after the slab was pushed 0.80 in 
towards east. 
- Some concrete chipping and spalling occurred on the concrete surface above the 
pile #1 baseplate at the displacement of 1.10 inch. 
- At the displacement of 1.20 inches the area above the small pile #1 was visibly 
bulging. 
At the tensile load of 292 kips and displacement of 1.20 in, new cracks connected 
together all across region over small pile #3. 
Figure 3-62 shows the schematic figure of the main cracks developed on the top slab 
after the completion of the test.  Table 3-1 summarized the crack development and crack 
width in various stages of the experiment. 
Figure 3-62- The movement of the end anchor of the top slab in 1.0 displacement range 
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Table 3-1- Crack development and width during the test 
 
The following is the list of observations during the test. 
- During the first cycles, the Load-Displacement curves on the pushing branch fall 
exactly on top of each other. Whereas, on the pulling branches of the curves, 
there is a VERY small residual displacement on each cycle.  The slab was 
inspected for cracks at cycles 5 and no cracks found.  The difference between the 
curves on the pulling branch of the curves becomes less evident towards the final 
cycles of each displacement range. 
- A general observation is with every new displacement range the 
load-displacement curve moves within the first few cycles but then it stabilizes 
 Crack Width (in) 
Cycle 
# 
Load 
(Kips) 
Disp. 
(in) #1 #2 #3 #4 #5 #6 
9 -121 -0.125 0.015 - - - - - 
11 -180 -0.20 0.020 0.003 - - - - 
21 -196 -0.25 0.025 0.007 - - - - 
26 -208 -0.30 0.030 0.009 0.005 - - - 
31 -229 -0.35 0.038 0.013 0.003 0.003 - - 
35 -205 -0.35 0.038 0.013 0.001 0.001 - - 
36 -239 -0.40 0.030 0.013 0.001 0.001 - - 
40 -219 0.40 0.040 0.016 0.002 0.004 - - 
41 -250 -0.45 0.040 0.017 0.001 0.001 - - 
46 -262 -0.50 0.040 0.016 0.001 0.001 0.013 - 
51 -297 -0.60 0.051 0.016 0.001 0.001 0.016 0.005 
56 -305 -0.70 0.055 0.017 0.001 0.001 0.020 0.010 
61 -314 -0.80 0.060 0.018 0.001 0.001 0.022 0.009 
66 -320 -0.90 0.054 0.020 0.013 0.001 0.022 0.009 
71 -315 -1.00 0.060 0.025 0.001 0.001 0.030 0.013 
76 -286 -1.10 0.052 0.016 0.001 0.001 0.026 0.010 
81 -248 -1.20 0.052 0.010 0.002 0.001 0.025 0.009 
86 -228 -1.40 0.016 0.013 0.002 0.002 0.025 0.009 
124 
and follows the same curve for the remaining the cycles (from that displacement 
Range.) 
- On cycle 51, new displacement range of 0.60 inch, after the slab was pushed 0.60 
in to the east, about +0.10 in residual displacement remained at zero load. 
- By plotting the load versus the displacement for the first and last (5th) cycles of 
each displacement range, it was observed that system was stiffer at the first cycle 
of each displacement range than the last cycle of the same displacement range.  
On the other hand, the system stiffness stabilizes and remains constant for the 
last cycles of the same displacement range.  In other words, the stiffness of the 
system drops initially as the system is cycled at a constant displacement range 
but then the stiffness remains constant.  This observation is very important in 
designing the system in practice as the stabilized system stiffness shall be used 
for design purposes. 
- On cycle 61, new displacement range of 0.80 inch, after the slab was pushed 0.80 
in to the east, about +0.20 in residual displacement remained at zero load. 
- On cycle 76, new displacement range of -1.10 inch, lots of crack extension 
occurred and concrete started spalling on the area above the small pile #1. 
- On cycle 81, new displacement range of -1.20 inch, the concrete spalling above 
the small pile #1 was very evident.  The surface was bulged. 
- Diagonal cracks occurred towards the end cycles of the experiment (at high 
displacement ranges) with the pattern shown in Figure 3-63 on the area above the 
small pile #3.  This crack occurs at the end row of the small piles, where the top 
slab ends and there is no reaction force at the end of the slab to resist the small 
pile force acting towards the end of the top slab.  To design the top slab for this 
failure pattern, the top slab shall be adequately extended beyond the location of 
the last row of small piles to provide the required development length for the 
longitudinal reinforcement of the top slab.  The reinforcement of the top slab 
passed the end row of the small piles shall be designed to resist the force exerted 
from the small piles wanting to rebound back to their original un-deformed state. 
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Figure 3-63- Crack pattern observed on the top slab above the small pile #3 (last row of small piles) 
3.6.3. Investigation of the elements after the test 
The sand and gravel mix inside the concrete box was dug out after the test was 
finished to investigate the status of the sand around the small piles, the connection of the 
small piles to the slabs, and the failure modes. 
One important observation from this test was that although no cohesion is considered 
for granular soil material and it was expected that soil does not compact around the small 
piles, voids were developed on both eastern and western sides of small piles.  These voids 
were observed while digging the sand and gravel mix out of the concrete box.  Figures 
Figure 3-64 and Figure 3-65 show the compaction of the sand and gravel mix around the 
small piles 1 and the small pile #3.  The widths of the voids are equal to the width of the 
small piles.  Knowing the small piles are W10×49, their height is 10 inches and from the 
figures it can be seen the depth of the voids are about half of that of the small piles.  So 
the voids are about 5 inches deep.  The total number of cycles applied to the test 
specimen was about 100 cycles (95 cycles exactly) with very large displacement ranges 
for half of the cycles.  These numbers of cycles very conservatively simulate the bridge 
life because the amplitude of the movement for some cycles was very large.  Therefore it 
can be concluded that voids around the small piles will not be very large even without 
underfilling. 
126 
Another significant observation from the test specimen investigation was the mode 
of connection failure.  Two major failure patterns were observed around the area of the 
connection of small piles to the concrete slab:  Concrete delamination and Concrete 
crush.  The concrete crush was observed in the concrete located outside of the flanges of 
the small piles.  The concrete delamination was observed on a large area around the 
connection of the small piles to the concrete slab.  The delaminated concrete was held in 
place with the stirrups in the concrete slab. 
Figure 3-66 shows the concrete delamination around the small pile #2 connection to 
the top slab.  Figure 3-67 shows the concrete delamination around the small pile #1 
connection to the top slab.  As can be seen in Figure 3-68, the concrete on the on the 
external surface of the small pile flange is crushed and also the concrete around the 
connection area is delaminated.  The stirrups are holding the concrete in the area together 
so the concrete could not be chipped off by hammering. 
Another remarkable observation was the yield lines on the small piles.  These yield 
lines were later confirmed by the analysis of the data from the strain gages.  Figure 3-69 
shows the yield lines on the flanges of the small pile #2 (arrows).  In this figure, the 
stirrups holding on the concrete and concrete crush can be seen. 
The concrete delamination cracks and concrete crush around the small pile to slab 
connections also observed on the bottom slab connections.  Figure 3-70 shows the 
delamination crack and concrete crush damage, around the small pile #2 connection to 
the bottom slab. 
The concrete crush happens when the top the small piles are being pushed against the 
concrete and the delamination occurs when the base plate rotates in the concrete slab. 
The area of the concrete spall (delamination) especially in the North-South direction 
is fairly large. 
Yield lines on the web of small pile1 #1 and #3 are shown in Figure 3-73.  As can be 
seen in this figure, the yield lines are observable over the entire height of the small piles’ 
webs and this shows the entire web has reached yielding.  This is in accordance with the 
conclusion from Chapter 4. Finite Element Analyses. 
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Figure 3-64- Compaction of the sand and gravel mix around the small pile 1 
 
 
Figure 3-65- Compaction of the sand and gravel mix around the small pile #3 
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Figure 3-66- Concrete delamination around the small pile #2 connection to the top slab 
 
 
Figure 3-67- Concrete delamination around the small pile #1 connection to the top slab 
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Figure 3-68- Concrete crush and stirrups holding the concrete in place, small pile #1 connection to 
the top slab, east flange 
Figure 3-67, Figure 3-68, and Figure 3-69 show the singularity (stress concentration) 
issue at the small pile concrete interface.  This effect has also been seen in the finite 
element analysis of the connection (section 4.12).  Methods have been proposed in 
section 8.3 to mitigate the singularity issue at the interface. 
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(a) 
 
(b) 
Figure 3-72- (a) Delamination crack (b) Bottom Slab concrete damage, around the small pile #2 
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(a) (b) 
Figure 3-73- Yield lines of the web on (a) small pile #1 (b) small pile #3 
3.7. Experiment Results 
The results from the instrumentation are summarized and conclusions are derived 
from the results.  The assessment of the results is carried out on the two major categories 
of General system behavior and behavior of the system components. 
3.7.1. General system behavior 
As mentioned earlier, with every new displacement range the load-displacement 
curve shifted within the first few cycles but then it stabilized and followed the same curve 
for the remaining cycles (from that displacement Range.) 
By plotting the load versus the displacement for the first and last (5th) cycles of each 
displacement range, it was observed that the system was stiffer at the first cycle of each 
displacement range than the last cycle of the same displacement range.  On the other 
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hand, the system stiffness stabilizes and remains constant for the last cycles of the same 
displacement range.  In other words, the stiffness of the system drops initially as the 
system is cycled at a constant displacement range but then the stiffness remains constant.  
This observation is very important in designing the system in practice as the stabilized 
system stiffness shall be used for design purposes. 
Figure 3-74 shows the hysteresis load-displacement curves of the test specimen 
developed from the readings of the hydraulic actuators’ force and the potentiometer 
located at the beginning the top slab.  The various displacement ranges can distinctively 
be seen in this figure.  Positive force and displacement represents the time the slab was 
pushed to the east and the negative load and displacement represents the time the slab 
was pulled to the west. 
As can be seen in this figure, during the larger displacement ranges, the force 
required to pull the slab to the west was smaller than the load required pushing the slab to 
the east.  This is because of the stiffness reduction when cracks form on the top slab.   
Figure 3-75 shows the load-displacement curves of the first cycles from all 
displacement ranges.  Figure 3-76 shows the load-displacement curves of the last (5th) 
cycles from all displacement ranges. 
The most important graph that can be developed to understand the general behavior 
of the system is shown in Figure 3-77.  This figure is the envelope of the hysteresis 
load-displacement curves.  In other words, this curve connects the apexes of the 
load-displacement curves for each cycle to form a single line curve.  This envelope curve 
is developed for four conditions; (1) when the slab is pushed all the way to the east for 
the first time in a displacement range (2) when the slab is pulled all the way to the west 
for the first time in a displacement range (3) when the slab is pushed all the way to the 
east for the last (5th) time in a displacement range (4) when the slab is pulled all the way 
to the west for the last (5th) time in a displacement range. 
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- The maximum load the system can develop in compression is larger than the 
maximum load the system can develop in tension. 
- Up to the displacement range of 0.10 inch, the first and last cycles fall exactly on 
top of each other and this shows that no damage has taken place in the specimen 
up to this point. 
- Up to about 0.30 inch displacement, the first cycle and last cycle curves are still 
very close to each other.  Also during the experiment it was observed that except 
the very first cycle of the displacement ranges, all of the curves from subsequent 
cycles fall exactly on top of each other and no more damage takes place in the 
system.  The stiffness of the system stabilizes within the first cycle. 
- The required force to push and pull the top slab is the same until the 0.20 inch 
displacement is reached.  It can be concluded that some cracks develop in the 
system at about this load for the first time. 
- The envelope curve that represents the stabilized stiffness of the system (the last 
cycles’ stiffness) should be used for design purposes.  Also, the secant stiffness 
from this curve is the desired value for the design stiffness of the system. 
- The system does not have any abrupt failure.  Instead, the secant stiffness of the 
system decreases gradually.  The maximum load the system could carry is about 
380 kips in compression and -330 kips in tension.  This maximum force occurred 
at 0.80 inch displacement range for compression and -0.90 inch in tension.  
These points can be considered the ultimate load the system can carry. 
- After the displacement range of about 1.00 inch, the stiffness of the system was 
not stabilizing after 5 cycles.  In other words, the amount of damage in the 
system was progressively increasing after this displacement range. 
3.7.2. Behavior of the system components 
The behavior of the system components are investigated via the instrumentation 
installed on the system elements, mostly the strain gages.  The following figures 
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summarize the behavior of the system components during the experiment.  General keys 
to better comprehend the figures are; 
(1) All of the values on these graphs are from when the top slab is either pushed all 
the way to the east or it is pulled all the way to the west.  The strains and loads on the 
loading path have NOT been shown on these graphs. 
(2) The horizontal axis of the curves is the cycle number. 
(3) All of the figures have two vertical axes.  The vertical axis on the right is always 
the load exerted to the system via the hydraulic actuators.  This average load applied to 
the top slab is shown on the graphs using a black line with square markers. 
(4) The corresponding displacement ranges have also been shown next to the average 
load line in gray boxes.  This shows the displacement ranges at which those loads were 
observed. 
(5) On the right vertical axis, positive loads are when the top slab was pushed to the 
east and negative loads are when the top slab was pulled to the west.  Likewise, positive 
displacements are corresponding push to the east and negative displacements are 
corresponding to pull to the west.  It should be noted that this signing protocol has not 
been used on the figures but anywhere else, this is the signing protocol. 
(6) It should be noted that after each cycle of positive movement (pushing the slab to 
the east) which represents a positive average force and displacement, there was a negative 
movement in which the slab was pulled to the west and the average force and 
displacement are negative.  However, to present nice and useful curves, these two curves 
have been separated and shown in two different graphs. 
(7) For steel strain gages installed on the small piles, numbering protocol is 1 for the 
closest to the top strain gage and 5 for the closest to the bottom strain gage and number 
go up from top to the bottom strain gage. 
(8) For the steel strain gages installed on the small piles, positive numbers represent 
tensile strains and negative numbers represent compressive strains. 
(9) For the steel strain gages installed on the bars, positive numbers represent 
compressive strains and negative numbers represent tensile strains. 
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(10) For concrete strain gages, positive numbers represent tensile strains and 
negative numbers represent compressive strains. 
 (11) The strain gage on the small pile #2, bottom of east flange failed during the 
filling operation of the concrete box and the data from this strain gage was not useful 
from the beginning of the experiment. 
(12) Material test on the samples taken from the drop profile from the small pile 
show that yield strain for the small pile material is 1800 μ.strains. 
(13) The cracking strain for the top slab concrete in tension has been calculated 
0.000126 (126 μ.strains). 
As can be seen in the figures, the first cycles of each displacement range requires the 
maximum force and the required force gradually drops for the same displacement range 
as the system is cycled at that displacement range. 
Figure 3-78 to Figure 3-80 show the strains variations with respect to the cycle 
number (displacement range) at various locations of the small pile #1 (east and west 
flanges and web). 
Figure 3-81 and Figure 3-82 show the strains vs. cycle numbers on the small pile #2 
and small pile #3, respectively. 
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The followings can be determined from Figure 3-78 toFigure 3-82; 
- Yielding has occurred on upper segments of the small pile #1 on both east and 
west flanges since the strains have exceeded the 1800 μ.strain. 
- The first yielding has first occurred at displacement ranges of 0.60 inches (cycles 
51) when pushing the slab to the east. 
- This yielding occurs only on the eastern flange meaning the first yielding has 
occurred in the tensile flange only. 
- The small pile #1 web at the location of the strain gage yields at about 0.80 inch 
displacement and then it reaches large strains. 
- The yielding on the lower segments of the small pile #1 occurs with some delay.  
In other words, the lower segments of the small pile #1 yields at the displacement 
range of 0.90 inch (instead of 0.60 inch for the upper segment) at cycle #67.  This 
yielding occurs abruptly not on the first cycle of the displacement range, but on 
the second cycle of the 0.90 inch displacement range.  This delay in yielding can 
be attributed to the resistance of the compacted sand and gravel mix around the 
small piles that causes less force transfer to the lower segments of the small piles 
than the upper segments.  As the result, more displacement is required to reach 
the rotation required to cause yielding in the lower segments of the small piles. 
- The first yield coincides with the general system behavior observation at the 
cycle #51 (displacement range of 0.60 inch) in which 0.10 inch residual 
displacement occurred and this can be attributed to the permanent deformation 
due to yielding. 
- On displacement range of 1.20 inch (cycle 81), all of the strains abruptly drop 
and even change sign.  Although this abrupt change in the strains can also be an 
indication that yielding had previously happened in the small piles, it is actually 
an indication for another very important occurrence.  That is, the entire system 
had previously undergone permanent residual deformations when the top slab 
was pulled all the way to the west. This residual displacement is due to yield in 
the small piles and also it is due to the resistance from the compacted sand and 
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gravel mix locking the small piles in place and not letting them move back to the 
original shape.  In other words, the large deformation in the system has 
dislocated the sand and gravel mix enough to lock the small piles in the deformed 
location.  When the slab is pushed back to the east, the sand and gravel mix 
resists the movement resulting in a reversed moment in the small piles. 
- Same as the observation from the small pile #1, on displacement range of 1.20 
inch (cycle 81) all of the strains abruptly drop and even change sign.  
Figure 3-83 shows the surface strains of the top slab with respect to the cycle number 
(displacement range).  Figure 3-84 shows the top slab bars’ strains with respect to the 
cycle numbers. 
Figures Figure 3-85  to Figure 3-88  provide strain comparison for the concrete 
surface and the reinforcing bar at the same location of the top slab.  The concrete strains 
are multiplied into -1 so the strain signs for the bars and concrete follow a same rule. 
Figures Figure 3-89 and Figure 3-90 provide comparison of the same location strains 
for all of the small piles. 
The followings can be determined from Figure 3-83 to Figure 3-88; 
- At the displacement range of 0.20 inches where the second crack occurred in the 
region between the small piles #1 and #2, the bar strain at the location #2 
increases abruptly which indicates that more force is locked in that region.  
- There is an abrupt change in the strains of top slab at all locations at the 
displacement range of 0.30 inches.  The fourth crack occurred in the region 
around the small piles #2.  This crack probably caused a lesser force transfer 
beyond the location of the crack and as the result the axial strains go up in the 
strain gages  
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is smaller in the case of pulling the slab (tension) than the case of pushing the 
slab (compression).  This is because of development and opening of the cracks. 
- For the higher displacement ranges, the deformed shape of the small pile #3 is no 
longer similar to a beam with two ends fixed against rotation.  Although, this can 
be attributed to development of hinge at the connection, the main reason is the 
resistance from the compacted sand and gravel mix that locks the small piles in 
place and does not let them move back to the original shape.  In other words, the 
large deformation in the system has dislocated the sand and gravel mix enough to 
lock the small piles in the deformed location.  When the slab is pushed back to 
the east, the sand and gravel mix resists the movement resulting in a reversed 
moment in the small piles.  This is another justification for the drop in all of the 
strain curves at high displacement ranges. 
Figures Figure 3-92 and Figure 3-93 show the displacement and strain along the 
length of the top slab at various cycles (displacement ranges), respectively.  Figure 3-94 
shows the reinforcing bars’ strains along the length of the top slab bars at various cycles 
(displacement ranges) 
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Figure 3-98- ARAMIS longitudinal strain field contour on the patterned area of the top slab; 
Displacement range 0.30”; Cracks #2 and #4 can be seen 
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compression strength; second, to determine the required parameters for concrete models 
to be used in the advanced finite element modeling of the as built structure.  Three 
samples from each batch of concrete were tested on the 28th day of the concrete pour for 
each element (bottom and top slab).  Figure 3-100 shows the results of the concrete 
compression tests at 28 days of casting the bottom slab and top slab.  This is mostly to 
check the compression strength of the concrete samples at the 28th day of the cast to 
ensure the required value is reached. 
Most of the concrete cylinders were tested the day of the final experiment on the 
constructed structure.  The results of these tests will be used to develop the concrete 
material constitutive models to be fed to the ABAQUS finite element software.  This way 
the finite element package can be calibrated for the test results.  Table 3-2 shows the 
results of the concrete compression test at the day of the experiment.  Table 3-3 shows 
the concrete compression test on the concrete cylinders. 
Figure 3-100- Concrete compression test 
Table 3-2- Concrete compression test results at 28 days of casting the element 
Element of 
the 
structure 
Sample 
number 
Age of the 
Concrete 
Sample 
Peak 
Load 
(lbs) 
Load at 
Failure 
(lbs) 
Compressive 
Strength (psi) 
Strength at 
Failure (psi) 
Top Slab 
Concrete 
1 
28 days 
159810 158530 5652.2 5606.9 
2 145030 142900 5129.5 5054.1 
3 149150 147420 5275.0 5213.8 
Bottom 
Slab 
Concrete 
1 
28 days 
133760 131770 4730.9 4660.6 
2 125030 121960 4422.1 4313.6 
3 134410 128870 4753.8 4557.8 
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Table 3-3- Concrete compression test results at the day of experiment 
Element of 
the 
structure 
Sample 
number 
Age of the 
Concrete 
Sample 
Peak 
Load 
(lbs) 
Load at 
Failure 
(lbs) 
Compressive 
Strength (psi) 
Strength at 
Failure (psi) 
Top Slab 
Concrete 
4 
47 days 
148730 145600 5260.1 5149.6 
5 148720 146990 5260.0 5198.5 
6 151210 146530 5348.1 5182.3 
7 150960 148970 5339.1 5268.6 
8 148880 148770 5265.6 5261.7 
Bottom 
Slab 
Concrete 
4 
90 days 
133630 132170 4726.1 4674.6 
5 138540 137150 4899.9 4850.7 
6 133260 131230 4713.0 4641.3 
7 130900 129570 4629.7 4582.6 
8 134200 132710 4746.4 4693.7 
 
3.8.2. Steel tensile tests 
Six pieces of steel tensile test specimens were obtained from the drop of the 
W10 × 49 steel profiles used to fabricate the small piles.  Four of the samples were 
obtained from the flanges and two from web of the section using a torch and then they 
were sent to a machine shop to be cut to the desired shape for the tensile testing using the 
MTS tensile testing machine.  For the reinforcing bars, three samples were taken from the 
top slab longitudinal bars (#8) and three samples were taken from the bottom slab 
reinforcing bars (#6).  Figure 3-101 shows the sketch of the samples used for tensile tests. 
 
(a) 
 
(b) 
Figure 3-101- Dimensions of the machined (a) bar (b) small pile steel for the tensile test 
2.00 "
3.34 "
0.50 " 0.75 "
8.00 "
2.00 "
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The testing procedure is that MTS machine loads the tensile sample in tension while 
making load readings and a transducer (extensiometer) externally measures the 
elongation at the necking location of the tensile sample.  In the case that necking occurs 
outside of the extensiometer blades, the results of the tensile test shall be discarded 
beyond the necking point.  Since the maximum capacity of the MTS machine is 22 kips 
which less than the maximum expected tensile strength for all bar samples, the diameter 
of all bars was machined down based on the ASTM A 370-05, Standard Test Methods 
and Definitions for Mechanical Testing of Steel Products.  Figure 3-102 shows the bar 
and steel samples after machined down and the MTS tensile testing machine during the 
tensile tests. 
 
Figure 3-102- Bar and steel tensile samples and the MTS tensile testing machine 
Figures Figure 3-103 to Figure 3-105 show the engineer stress-strain curves for the 
bars and steel from the small piles. 
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Standard Test Method for In-place Density and Water Content of Soil and Soil 
Aggregate In-Place by Nuclear Methods (Shallow Depth). 
The geotechnical consultant also provided frequent observation and testing as the 
concrete container was being filled with the sand and gravel mix.  As mentioned, the 
compaction operations consisted of (1) placing layers of sand inside the concrete 
container in 4 inches lifts, adding moisture with hose and then compacting sand with a 
vibrating plate, (2) evaluation of the compaction using a nuclear moisture-density gauge 
at the end of the vibration process.  In-place moisture content and density determinations 
were made during placement of the backfill with a nuclear moisture-density meter in 
accordance with ASTM 6938, Standard Test Method for In-place Density and Water 
Content of Soil and Soil Aggregate in Place by Nuclear Methods (Shallow Depth).  Two 
or three different depths were checked at each location to access the condition of the 
compacted sand fill, at the point tested to the depth shown in the result tables. 
It should be noted that all of the tests areas were compacted until the average for the 
total lift met the specified degree of compaction (70 %).  Test number 1 was a 4” test; the 
rest of the test locations had test results for 3 different depths. 
The results of the Moisture-Density Relation tests carried out on the 47B sand and 
gravel mix soil are shown in Figure 3-106.  As can be seen in this figure, the moisture 
content of various samples of the sand is measured first.  After the current moisture 
content of the sample is known, water is added to the sample and then it is placed in a 
standard cylinder with known volume and tampered using a standard hand tamper.  The 
density of the compacted sand is measured.  Most soils tend to have an optimum moisture 
content at which compacting the soil yields a maximum dry density.  However, as can be 
seen in the Figure 3-106, the moisture-dry density curve for the provided sand and gravel 
mix is inverted; meaning the soil has a moisture content at which compacting the sand 
will result in a minimum dry density. 
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47B sand and gravel mix after the minimum point on the curve is exceeded will result in 
higher compaction. 
In order to control the compaction in a project, the Nebraska Department of Roads 
considers the minimum point on the compaction curve as the 100% of proctor test and it 
requires a minimum of ±2% maximum deviation from this value. 
Therefore, it was concluded that a relative density method is a better way of 
measuring the compaction in a project.  This was also confirmed by Professor Vernon 
Shafer from the University of Iowa in a phone meeting. 
In order to determine the relative density of a soil sample, the values of the 
maximum and minimum dry density of the sample has to be determined via standard 
tests.  Briefly, for the minimum dry density, the sand sample is dried in a convection 
oven and then it is very gradually poured in a standard cylinder using a funnel with the 
tip of the funnel spaced at one inch from the top of the sand all the time.  This way the 
sand is placed in the cylinder with the minimum possible dry density.  For the maximum 
dry density, the dried sand sample is poured in the standard cylinder and a standard 
weight is placed on the lid and the cylinder is put on a vibrator.  After a certain vibration 
time, the cylinder is weighed and the volume of the sand is measured and the result will 
yield the maximum dry density the sand sample can get.  The density of the compacted 
sand mix at the project site is measured using a standard nuclear density test and then the 
relative density of the compacted soil is reported as the percentage of the maximum 
density.  This, as mentioned earlier, is a more reliable measure for the soil compaction.  
For the experimental part of the seamless deck and approach bridge project, it was 
decided to use the relative density test method and a 70 percent compacted relative 
density criterion was defined for soil compaction. 
As described earlier, as long as the 47B sand and gravel mix is not submerged in the 
water, adding more water will result in a better compaction (after the minimum point of 
the curve is passed).  The concrete container was equipped with drain at the bottom to 
remove the excessive water from the soil and this way, a hose could be used to freely add 
water to the sand and gravel mix before its compaction using a vibratory plate. 
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Chapter 4.  
Finite Element Analyses 
4.1. Scope 
Finite element analysis is utilized to study the behavior of a system consisting of a 
small pile, top and bottom slabs.  The finite element model of the experimental sample is 
also developed using SAP2000 finite element package.  The as-built plans of the 
experimental sample are used to establish the finite element models.  Development of the 
finite element models, material constitutive models for concrete, and determination of the 
true stress-strain curves for steel material are explained.  
4.2. Introduction 
Finite element modeling was required for the system for the two following reasons; 
(1) The connection of the small piles to the top and bottom slab is not one of the 
pre-qualified connection types.  This connection also will be subjected to cyclic loadings.  
As a result, the behavior of this connection cannot be well comprehended without finite 
element analysis of the connection.  The simplified design assumptions can be developed 
and verified by means of the finite element analysis.   
(2)  After the experiment is carried out, the findings from the experiment can be 
compared against the results of the finite element study.  Consequently, other variations 
of the connection can be developed and studied using finite element methods with the 
same assumptions made for the first finite element model compared to the test results.  
That way there will be no need for further experiments.  That is, the finite element 
models will be calibrated using the test data. 
In this study, the commercial finite element software, ABAQUS 6.9, is used to 
develop the finite element models for the system.  All possible effects of material 
nonlinearity (steel plasticity, concrete plasticity, and concrete damage) and geometric 
nonlinearity were taken into account in the development of the finite element models. 
The numbers entered in the constitutive models of the finite element program, for all 
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different materials, were derived from the actual material tests.  These material tests were 
carried out on samples taken from the bottom slab concrete, top slab concrete, bottom 
slab reinforcing bars, top slab reinforcing bars, and small piles’ steel. 
The general behavior of the system can be determined from the horizontal 
load-displacement curve.  As it will be explained, due to the very large size of the test 
specimen, and because the same small piles are repeated in the test specimen only one of 
the small piles will be modeled.  On the other hand, the system is symmetric about the 
longitudinal axis so only half of one of the small piles and half of the width of the 
concrete top slab will be modeled. 
4.3. Geometry of Finite Element Model  
The general geometry of the finite element model is fairly simple and consists of the 
half width of the bottom slab, half width of the top slab, and half of the small pile (cut 
from the mid-thickness of the web).  This geometry information was established as the 
test specimen was being constructed by developing the as-built plans.  Other details also 
included in the finite element model geometry are the bottom slab bars (longitudinal and 
transverse), top slab bars (longitudinal and transverse), both slabs’ stirrups, shear studs on 
the small pile base plate and flanges. 
The geometry of the finite element model was developed from the as-built plans 
drawn for the test specimen during the construction of the test specimen.  Figure 4-1 
shows the sketch of the model geometry and the ABAQUS model. 
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Figure 4-1- As built sketch of the structure and the ABAQUS model developed 
4.4. Material Properties of Steel 
The behavior of the designed system highly depends of the specifications of the 
structural steel used for the small piles.  The small piles typically used in the system are 
most likely stub elements so it is important to know their yield stress and other material 
specifications to achieve a good prediction for the system behavior.  The specifications of 
the reinforcing bars used in the slabs are also of great importance.  To determine the 
stress-strain behavior of these elements, as mentioned in the experimental program 
section, samples were taken from the drop of the small piles’ profile, and the reinforcing 
bars.  For the small piles, the tensile sample specimens were taken from the web and 
flanges.  
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Generally, steel is considered an isotropic material with elasto-plastic stress-strain 
behavior.  The flow rule criteria used in ABAQUS for steel material is Von-Mises yield 
surface.  That is, when the Von-Mises stress reached the yield stress, the material goes to 
the plastic flow. 
On the other hand, ABAQUS uses a multi-linear isotropic hardening material which 
requires the true stress-strain curves of materials.  However, the stress-strain curves 
determined from the material tensile testing is engineering stress-strain curves because in 
order to determine the stresses, the measured load is divided by the original 
cross-sectional area of the sample before it was loaded.  The method adopted to develop 
the engineering stress-strain curve from uniaxial tension material testing to true 
stress-strain curve to be entered in ABAQUS is explained. 
As mentioned above, the effect of reduction in the cross-sectional area of tensile 
sample is not considered in the engineering stress-strain curves.  This cross-sectional area 
reduction occurs particularly during the necking of the tensile sample in which, the 
tensile sample’s width becomes smaller and smaller after the ultimate load is reached.  As 
the result, the calculated stress (engineering stress) which is the measured load divided by 
the original cross-sectional area of the tensile sample is smaller than the true stress in the 
area in which necking has occurred.  Some finite element software including ABAQUS 
use the true stress-strain curves to determine the plasticity.  So if the true stress-strain 
curves are developed for a steel material and entered as the material properties into 
ABAQUS, the result of a finite element analysis on a tensile sample will include necking 
and will be the same as results from an actual tensile test.  The two following equations 
can be used to develop the true stress-strain curves for the first iteration from the 
engineering stress-strain data resulted from the tensile tests. 
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ߝ௧௥௨௘ = ln(1 + ߝ௡௢௠) Eq. 4-1 
ߪ௧௥௨௘ = ߪ௡௢௠(1 + ߝ௡௢௠) Eq. 4-2 
Where: 
εtrue = true strain 
εnom = nominal strain 
σtrue = true stress 
σnom  nominal stress 
The above equation is used on the entire stress-strain curve including the elastic part 
to determine the yield stress.  The modulus of elasticity entered to ABAQUS is the actual 
value determined from the tensile material test but the yield stress will be the true stress 
from this. 
The following steps are used to develop the true stress-strain curve form the results 
of tensile test (engineering stress-strain curve). 
1. A finite element model of the specimen that was used in the tensile material 
testing is developed in ABAQUS (the dog-bone sample). 
2. For the first iteration, the true stress-strain curve is generated using the above 
equations.  The equations are used for the entire engineering stress-strain 
curves.  For the yield stress, the corrected value from the above-mentioned 
equations to be used.  But for the modulus of elasticity, the value determined 
from the test is used.  These values are entered into ABAQUS as the steel 
material specifications. 
3. The ABAQUS model is run, and the engineering stress-strain curve is 
determined.  It should be noted that the section at which the stress is 
determined on the model must not fall within the necked area of the model.  
The stress should be determined the same way that it was determined during 
the actual material testing.  For the strain also, it has to be determined the 
same way that it was determined from the tensile material test.  The 
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deformation can be read at two points on the sample and the strain can be 
determined from that.  The segment from which the strain is determined must 
include the necked region (as it happens in the actual material test.)  If the 
spacing of the two points on the tensile sample are one inch apart, the 
deformation (in inch) of the sample between those two points is equal to the 
strain. 
4. The resulted stress-strain curve from the ABAQUS is compared against the 
stress-strain curve from the actual tensile material test.  The obtained 
engineering stress-strain curve from ABAQUS and the experimental 
stress-strain curve from the tensile testing should be the same.  The newly 
obtained engineering stress-strain curve is manually modified such a way that 
for the next finite element analysis it delivers an engineering stress-strain 
curve that is the same as the actual engineering stress-strain curve from the 
tensile testing.  This step requires judgment and experience makes the process 
faster. 
5. Steps 3 through 5 are repeated until a true stress-strain curve is reached that 
will result in an engineering stress-strain curve the same as the experimental 
engineering stress-strain curve. 
To force necking at the desired location on the finite element model (at the 
mid-height of the sample) as it would occur in the real tensile experiment, the model’s 
cross-sectional dimension is reduced linearly from the two ends towards the mid-height 
of the specimen by 0.001 inches.  This imperfection causes necking at the mid-height of 
the model.  Figure 4-2 shows the reinforcing bar’s finite element model during tensile 
loading until necking is occurred.  Figures Figure 4-3 through Figure 4-5 show the results 
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of the above-mentioned analysis for the steel samples from the reinforcing bars, and also 
from the small piles.  As can be seen in these figures, when the finalized true stress-strain 
curve is entered into ABAQUS, the results of the finite element model and the actual 
engineering stress-strain curves from the tensile material testing are the same. 
    
 
Figure 4-2- ABAQUS finite element modeling of the steel bars to develop the true stress-strain curve 
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concrete material properties depend on many factors.  More importantly, concrete has a 
different behavior in tension and compression and also concrete demonstrates high 
nonlinear behavior. 
The main reasons of the concrete high nonlinear behavior from the first stages of 
loading are occurrence of plasticity in the concrete aggregates, development and growth 
of microcracks in the concrete mortar, interaction between the concrete aggregates and 
mortar.  Amongst the causes of high nonlinearity in the concrete behavior, development 
and growth of the microcracks is the most important reason.  As the results, the 
application of the theory of plasticity to concrete behavior is not suitable.  Instead, 
constitutive models that take into account the effects of microcrack development and 
growth will predict the concrete behavior in a more realistic way. (Bazant) 
4.5.1. Modeling of Concrete in ABAQUS 
There are two material models defined in ABAQUS for concrete. 
Concrete Smeared Cracking; considers a uniform distribution of the reinforcing 
bars in the concrete elements and determines the structural properties of the reinforced 
concrete as a composite structure.  As a result, in most cases that overall behavior of a 
structure containing reinforced concrete is of interest, for example the overall behavior of 
a bridge with reinforced concrete deck, the concrete smeared cracking model can be used 
with a great precision.  Although this model detects the effects of cracking in the overall 
system behavior, it is unable to detect the crack initiation and development.  Another 
weakness of this model is that it does not take into account the effects of damage in the 
concrete material.  When the concrete material is loaded and goes beyond the cracking 
load (either in tension or in compression) microcracks develop in the material so the 
material is damaged and as the result, the stiffness is reduced when the load is removed.  
The concrete smeared cracking model does not capture this effect. 
Concrete Damaged Plasticity; This concrete model in ABAQUS provides a general 
capability for modeling concrete in all types of structures mainly developed to be used for 
reinforced concrete structures although it can be used with plain concrete too.  The 
reinforcing bars can be modeled in this model by embedding the steel elements in the 
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concrete medium and that way the displacement of the concrete element nodes and steel 
element nodes are compatible.  One of the advantages of this model is that it can detect 
cracking in the concrete.  This material model requires two yield stresses: compression 
yield stress and tension yield stress.  These yield stresses are essentially the stresses in 
which the first crack occurs in the concrete material (either in compression or in tension).  
ABAQUS uses the Von-Mises criterion to determine whether or not the material is 
cracked (yielded) by comparing the Von-Mises stress to the defined yield stress.  The 
parameter definition for this material model will be described in the subsequent sections.  
This concrete model in ABAQUS provides a general capability for modeling concrete in 
all types of structures mainly developed to be used for reinforced concrete structures 
although it can be used with plain concrete too.  To represent the inelastic concrete 
behavior this model uses concepts of isotropic damaged elasticity in combination with 
isotropic tensile and compressive plasticity.  In this model tensile cracking and 
compressive crushing are two failure modes for concrete. 
The behavior of the small pile-concrete slab connection is of importance in this finite 
element study.  The effect of longitudinal reinforcement, the stirrups, and the shear studs 
on the concrete base plate has to be taken into account in the behavior of the connection.  
On the other hand, a cyclic loading will be applied to this system with each cycle causing 
some damage in the concrete material that has to be taken into account.  As can be seen, 
the detailed behavior of the system components has to be included in the finite element 
model to deliver a good understanding of the connection behavior.  Therefore, the 
Concrete Damaged Plasticity is selected to model the concrete material. 
It should be noted that brittle behavior of concrete is under low confined pressures 
only.  When the confining pressure in the concrete is high, the cracks cannot propagate as 
well as the low confinement condition which causes a non-brittle behavior.  The concrete 
models used in ABAQUS are not capable of modeling concrete material under high 
confining pressure. 
The concrete behavior in compression can be divided into three phases; linear-
elastic, nonlinear-elastic and nonlinear-plastic. In tension, concrete is initially 
194 
linear-elastic until a maximum tensile strength at which it cracks and the tensile behavior 
is nonlinear afterwards. 
4.5.2.  Behavior of concrete under Uniaxial Tension 
The behavior of concrete under uniaxial tension can be categorized in two phases. 
In the first phase, that is before the cracking or failure tensile stress, concrete 
behavior is linear-elastic.  No damage occurs in the concrete material until this point is 
reached. 
In the second phase, that is the post-cracking phase after the first crack occurs, the 
concrete behavior is tension softening.  Strains beyond this point have elastic and plastic 
(cracking strain) components. 
Figure 4-6 shows the stress-strain response of the concrete under uniaxial tension 
load. 
The modulus of elasticity of concrete, Ec, and maximum tensile strength of concrete, 
ft, are taken from AASHTO LRFD (2007) for normal weight concrete. 
௧݂ = 0.23ඥ ௖݂ᇱ Eq. 4-3 
ܧ௖ = 1820ඥ ௖݂ᇱ Eq. 4-4 
Where: 
௖݂ᇱ = Specified strength of concrete (ksi) 
As mentioned, the behavior of the concrete is assumed linear to the maximum tensile 
strength (cracking or tensile stress) at which the first micro-crack occurs.  For the 
post-cracking behavior of concrete in uniaxial tension, two assumptions can be made for 
the softening behavior; linear or non-linear. 
Usually, for design purposes, the post-cracking behavior of concrete is not of a great 
importance.  For cases in which crack width, behavior of the structure after cracking, and 
cumulative damage of the structure under cyclic loading is of interest however, the 
post-cracking behavior of concrete has to be taken into account.  
Figur
A
B
When
becau
(has 
variab
strain
concr
the d
There
T
which
intera
A
for th
e 4-6- Uniaxia
nother para
asically, th
 the concre
se the conc
lower stiffn
le, dt.  In A
s.  As can 
ete material
amage vari
fore, the da
his degrada
 the openi
ction chang
BAQUS us
e strain-sof
l tensile beha
meter show
e concrete m
te specimen
rete materi
ess).  This r
BAQUS, t
be seen in 
 is equal to 
able is one
mage variab
tion behavi
ng and clo
es the behav
es post-fail
tening beha
(1
vior of concre
n in Figure 
aterial is d
 is unloade
al has been 
eduction in
he damage 
0, when th
the pre-crac
, the concr
le can take v
or is more c
sing of pre
ior. 
ure stress-st
vior of con
-
te 
4-6 is dt, ten
amaged onc
d from any 
damaged, t
 the elastic 
variables ar
e damage v
king stiffne
ete materia
alues from 
omplex in t
viously form
rain relation
crete.  Thi
sion damag
e it exceeds
point on th
he unloadin
stiffness is 
e functions 
ariable is z
ss (E0) (un-d
l has lost 
zero to one.
he case of u
ed micro-
 or fracture
s is done v
 
e parameter.
 the elastic 
e strain sof
g response 
defined usi
of the plast
ero, the sti
amaged sta
its stiffness
 
niaxial cyc
cracks, as 
 energy cra
ia entering 
19
 
tensile strain
tening curve
is weakene
ng a damag
ic (cracking
ffness of th
te) and whe
 completely
lic loading i
well as the
cking criteri
the crackin
5 
.  
, 
d 
e 
) 
e 
n 
.  
n 
ir 
a 
g 
196 
strain.  The cracking strain at every point on the post-failure branch of the stress-strain 
curve is defined as the total strain minus the elastic strain corresponding to the 
undamaged material. 
It should be noted that behavior of the concrete tension stiffening model in 
ABAQUS also depends on the mesh size, and the reinforcement density.  In real life, this 
behavior depends on the quality of the bond between the bars and the concrete and the 
relative size of the aggregate in comparison with the bars size.  Hence, the material 
properties for the concrete have to be meticulously determined and entered to the finite 
element software in order to gain acceptable results. 
To define a linear post-cracking behavior for the concrete under uniaxial tension, for 
a relatively dense reinforced concrete model with a fine finite element mesh, the stress is 
linearly reduced from the concrete tension strength to zero in a strain range of about 10 
times the failure (cracking) strain.  The failure strain (cracking strain) for a standard 
concrete is typically 10-4.  As the result, ultimate strain will be 10-3 when the concrete 
stress is zero.  Now, if the reinforced concrete structure is changed, depending on the 
reinforcement density and mesh size, the strain range in which the stress goes from 
maximum strength to zero is different from 10.  This strain range (10 times the maximum 
elastic strain) has to be calibrated for the other structure. 
Defining a large strain range for the strain-softening branch of the tension 
stress-strain curve would result in cracking in a large area of the model and hence a more 
stable finite element model.  On other hand, if the slope of the strain softening branch of 
the tension stress-strain curve is defined very large, the cracking in the model is localized 
resulting an unstable finite element model. 
The slope of the softening branch of the tensile stress-strain curve for the Bazant 
model can be calculated from the following equation: 
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ܧ = −69.9ܧ56.7 + ௧݂ 
Eq. 4-5 
Where: 
ft = Tensile strength of concrete (psi) 
Figure 4-7 shows the some of the existing models for development of the 
post-cracking behavior of concrete in tension.  
Figure 4-7- Some existing models for the softening stress-strain curve of concrete in uniaxial tension 
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Another method to develop the tension softening behavior of concrete after the 
cracking strain is reached is using exponential curve.  This method will result in a more 
stable solution using finite element method.  This method will be used in this study. 
The adopted exponential equation suggested by Barros et al. is described in the 
following.  The post-cracking branch of the stress-strain curve for the concrete is divided 
into two segments; the first segment is a linear segment and the second segment is 
exponential.  The two following equations are used to determine the linear and nonlinear 
part of the curve, respectively. 
ߪ = ௧݂ܧ
௧݂ − ܧߝ௧௨ (ߝ − ߝ௧௨) 
Eq. 4-6 
ߪ = ௧݂݁ି௕(ఌି
௙೟ா) Eq. 4-7 
Where: 
ft = Tensile strength of concrete (psi) 
E = Young modulus of elasticity 
εtu = Ultimate strain in tension 
b  Calibration coefficient of the exponential curve 
The calibration coefficient, b, is a function of the area under the exponential part of 
the curve. Therefore, in this case: 
ܣ = න ௧݂݁ି௕(ఌି
௙೟ா)
ஶ
௙೟ா
 Eq. 4-8 
ܣ = ௧݂ܾ  
Eq. 4-9 
On the other hand, the total area under the stress-strain curve is the deformation 
energy per unit volume, Gf. The energy of crack propagation per unit area of crack, GF, is 
a material property is given by following equation: 
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ܩி = ݓܩ௙ Eq. 4-10 
Where: 
w = Width of the damaged region 
In this approach, the volume of the element is divided into two components, the 
intact (Vi) and the damaged (Vd) volume. The ratio of damages volume by total volume, 
vd, is thus described by following equation: 
ݒௗ = ௗܸܸ =
ݓ
ℎ  
Eq. 4-11 
Where: 
V = Total volume of the element 
h = Length of the element in the direction perpendicular to the crack 
Figure 4-8 shows the crack distribution over the element. 
 
Figure 4-8- Idealized crack distribution over the element 
For a linear expression, GF can be calculated by following equation: 
ܩி = ݓ ቈ ௧݂
ଶ
2ܧ +
௧݂
2 ൬ߝ௧௨ −
௧݂
ܧ൰቉ Eq. 4-12 
ߝ௧௨ =
2ܩி
ݓ ௧݂  
Eq. 4-13 
For exponential expression , GF can be described by following equation 
w/3
h
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ܩி = ݓ ቈ ௧݂
ଶ
2ܧ +
௧݂
ܾ ቉ Eq. 4-14 
ܾ = ൬ ܩிݓ ௧݂ −
௧݂
2ܧ൰
ିଵ
 Eq. 4-15 
From above equations, b and εtu can be determined in terms of GF and w. GF is a 
material properties can be measured by test. Ozbolt and Bazant (1996) showed that w has 
a linear correlation with the maximum aggregate size of the concrete, da, as w=kda,  that k 
ranges 3 to 8.  
By substituting Eq. 4-14 in Eq. 4-6, the stress-strain curve of the tension stiffening 
can be described by the following equations: 
ߪ = ௧݂ܧ
௧݂ − ܧ 2ܩிݓ ௧݂
(ߝ − 2ܩிݓ ௧݂ ) Eq. 4-16 
ߪ = ௧݂݁ିቀ
ீಷ௪௙೟ି
௙೟ଶாቁ
షభ
(ఌି௙೟ா) 
Eq. 4-17 
Theoretically, the exponential branch of the curve can go to infinity. So, Barros et al. 
set a limit to the maximum strain achievement as seen in Eq. 4-18. This limitation will 
satisfy to achieve 98% of the total area under the exponential branch of the curve. 
௧݂
ܧ ≤ ߝ ≤
4ܩி
ݓ ௧݂  
Eq. 4-18 
Barros assumes a range of 250 to 350 N/m (1.43 to 2.00 lbs/in) for GF.  This range is 
relatively high compared to the ranges given by other researches so the lower limits of 
this range (1.70 lbs/in) is considered for this study.  Eq. 4-9 shows the uniaxial tension 
stress-strain curves developed for the top and bottom slabs using Bazant and Barros 
models. 
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variable.  The Cauchy stress is related to the effective stress through the scalar 
degradation relation: ߪ = (1 − ݀)ߪത 
In studying the multi-axial behavior of concrete material as the case of this current 
study, the damage variables are generalized to the case of the multi-axial loading. 
1.1.1.1 Development of stress-strain curves for concrete in compression 
Three models for development of the stress-strain curves for concrete material in 
compression are explained.  All of these models use only the compressive strength of the 
concrete determined from uniaxial compression test so the results of the material tests 
carried out for concrete can be used to develop these models. 
Carreira and Chu 
In this model, the uniaxial compression stress-strain curve is assumed to be linear up 
to 0.3 ௖݂ᇱ, where ௖݂ᇱ is the 28-day compressive strength of the standard cylinder and 
beyond that point the following equation can be used to predict the compression behavior 
up to failure. 
௖݂ =
௖݂ᇱߚ ቀ ߝߝ௖ᇱቁ
ߚ − 1 + ቀ ߝߝ௖ᇱቁ
ఉ Eq. 4-19 
ߚ = ቈ ௖݂
ᇱ
32.4቉
ଷ
+ 1.55 Eq. 4-20 
Where: 
ε = strain in concrete (<εu) 
ߝ௖ᇱ  = strain corresponding to the maximum stress f’c 
௖݂ᇱ = Maximum compression stress (MPa) 
The strain corresponding to maximum strength and crushing point is assumed to be 
equal to 0.002 and 0.003, respectively. 
To develop the stress-strain curve for this model, first β and 0.3 ௖݂ᇱ are determined 
and from the equation Eq. 4-19 the strain corresponding to 0.3 ௖݂ᇱis determined (ߝ௖ᇱ =
0.002and ௖݂ = 0.3 ௖݂ᇱ).  The stress-strain curve is linear up to this point.  After this point, 
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the strain can be gradually increased and the corresponding stress is determined from Eq. 
4-19 equation. 
CEB (Comite Europeen Du Beton) 
The behavior of the concrete in this model is a function of the 28-day compressive 
strength of the concrete only.  The following equation predicts the stress-strain curve: 
௖݂ =
0.85 ௖݂ᇱ(ܽ − 206,000ߝ௖)ߝ௖
1 + ܾߝ௖  
Eq. 4-21 
Where: 
a = 6193.6(0.85 ௖݂ᇱ + 1.015)ି଴.ଽହଷ 
b = 8074.1(0.85 ௖݂ᇱ + 1.450)ିଵ.଴଼ହ − 850 
௖݂ᇱ = Maximum compression stress (MPa) 
Hognestad 
This model defines the stress as a function of modulus of elasticity and the maximum 
strength of the concrete (Park & Paulay 1975).  The following equations show the 
stress-strain relationship proposed by Hongetad: 
௖݂ = ௖݂ᇱᇱ ቈ
2ߝ௖
ߝ଴ − ൬
ߝ௖
ߝ଴൰
ଶ
቉ ݂݋ݎ 0 ≤ ߝ௖ ≤ ߝ଴ Eq. 4-22 
௖݂ = ௖݂ᇱᇱ ൤1 −
0.15
0.004 − ߝ଴ (ߝ௖ − ߝ଴)൨ ݂݋ݎ ߝ௖ > ߝ଴ 
Eq. 4-23 
Where: 
ε0 = 2௙೎ᇲᇲா೎  
௖݂ᇱᇱ = Maximum stress reached in the concrete 
Comparison 
Eq. 4-11 shows all of the stress-strain curves developed using the above-mentioned 
three equations for the “day of the experiment” compressive strength of both top slab and 
bottom slab.  The reason was the results from these models will be entered into ABAQUS 
and the ABAQUS results will be compared against the actual experiment results.  The 
“day of the experiment” compressive strength was 5295 psi for the top slab and 4743 psi 
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ABAQUS.  Eq. 4-13 shows the input values entered into ABAQUS for small piles, 
reinforcing bars of top and bottom slabs. 
(a) 
 
 
(b) 
 
 
(c) 
 
 
Figure 4-13- Values entered into ABAQUS for (a) small piles,  reinforcing bars of (b) top and (c)
bottom slabs 
stress Plastic Strain
(psi) (in/in)
49827 0.0000
50944 0.0222
51221 0.0236
52297 0.0239
53034 0.0245
53660 0.0253
54309 0.0270
55275 0.0305
56555 0.0349
58831 0.0424
61705 0.0530
64736 0.0710
67800 0.1009
71900 0.1617
82200 0.3395
86000 0.3984
Es v
28041798 0.3
stress Plastic Strain
(psi) (in/in)
79505 0.0000
78918 0.0029
78916 0.0029
78913 0.0030
78907 0.0030
78898 0.0032
78884 0.0034
78862 0.0036
78832 0.0041
78803 0.0047
78837 0.0055
78878 0.0063
78901 0.0068
79226 0.0068
79244 0.0070
79630 0.0074
82139 0.0081
86118 0.0095
89083 0.0117
93183 0.0150
98778 0.0199
106333 0.0272
115426 0.0382
124740 0.0556
131184 0.0887
132036 0.1011
141121 0.1950
Es v
28416873 0.3
stress Plastic Strain
(psi) (in/in)
69701 0.0000
70392 0.0099
72586 0.0101
72626 0.0103
72858 0.0104
73638 0.0106
74461 0.0109
74662 0.0110
74831 0.0112
75213 0.0114
75324 0.0116
75649 0.0117
75742 0.0119
75916 0.0120
76120 0.0122
76297 0.0123
76590 0.0125
77024 0.0129
77528 0.0134
77912 0.0136
78241 0.0139
78771 0.0143
78979 0.0145
79265 0.0148
79546 0.0149
84177 0.0201
89703 0.0257
96562 0.0342
104290 0.0506
108440 0.0644
111953 0.0813
115224 0.1054
116357 0.1142
120748 0.1575
126821 0.2556
Es v
27440266 0.3
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4.6.2. Concrete material input data 
The stress-strain curves for tension and compression behavior of the concrete 
material for both the top and bottom slabs were developed.  For the compression behavior 
Carreire model was used and for the tension behavior Barros model was used. 
Eq. 4-14 shows the input values were entered into ABAQUS for concrete material.  
As mentioned, the concrete material model used is elastic material behavior with concrete 
damage plasticity for the post cracking behavior. 
 
(a) 
 
(b) 
Figure 4-14- Values entered into ABAQUS for (a)Top slab, (b) Bottom slab concretes 
Dilation Angle Eccentricity fb0/fc0 K Viscosity Parameter
31 0.1 1.16 0.666667 0.0001
0.5<K<1
Yield Stress Inelastic Strain Yeild Stress Cracking Strain
1588 0.0000 529 0.0000
1977 0.0001 519 0.0000
2359 0.0002 507 0.0001
2730 0.0003 492 0.0001
3087 0.0004 474 0.0001
3427 0.0005 453 0.0002
3746 0.0006 427 0.0003
4040 0.0007 396 0.0003
4307 0.0008 360 0.0004
4545 0.0009 315 0.0005
4750 0.0010 262 0.0007
4922 0.0011 199 0.0008
5061 0.0012 122 0.0010
5166 0.0013 80 0.0012
5239 0.0014 53 0.0015
5281 0.0015 32 0.0018
5295 0.0016 18 0.0022
5282 0.0017 9 0.0027
5246 0.0018 8 0.0027
5189 0.0019
5114 0.0020 Gama m 0.000225
5025 0.0021 E 4.19E+06
4924 0.0022 v 0.2
4812 0.0023
4694 0.0024
4570 0.0025
4442 0.0026
4312 0.0027
4181 0.0028
4050 0.0029
3920 0.0030
3792 0.0031
3667 0.0032
3544 0.0033
3425 0.0034
3309 0.0035
3197 0.0036
3088 0.0037
Damage Parameter (dc) Inelastic Strain
Damage 
Parameter 
(dt)
Inelastic Strain
0.00 0.00000 0.00 0.00000
0.20 0.00657 0.10 0.00013
0.30 0.00709 0.20 0.00026
0.40 0.00772 0.40 0.00052
0.50 0.00854 0.60 0.00078
0.60 0.00965 0.80 0.00105
0.70 0.01125 0.95 0.00194
0.80 0.01393
0.95 0.02842
Concrete Compression Damage Concrete Tension Damage
Plasticity
Compressive Behavior Tensile Behavior
Dilation Angle Eccentricity fb0/fc0 K Viscosity Parameter
31 0.1 1.16 0.666667 0.0001
0.5<K<1
Yield Stress Inelastic Strain Yeild Stress Cracking Strain
1423 0.0000 501 0.0000
1795 0.0001 498 0.0000
2156 0.0002 495 0.0001
2502 0.0003 490 0.0001
2831 0.0004 485 0.0001
3139 0.0005 479 0.0002
3423 0.0006 472 0.0003
3681 0.0007 464 0.0003
3911 0.0008 453 0.0004
4113 0.0009 441 0.0005
4285 0.0010 426 0.0007
4427 0.0011 408 0.0008
4541 0.0012 387 0.0010
4628 0.0013 361 0.0012
4689 0.0014 331 0.0015
4726 0.0015 294 0.0018
4742 0.0016 249 0.0022
4739 0.0017 196 0.0027
4718 0.0018 132 0.0032
4682 0.0019 85 0.0039
4634 0.0020 59 0.0047
4574 0.0021 38 0.0057
4506 0.0022 22 0.0069
4431 0.0023 12 0.0082
4349 0.0024 9 0.0089
4263 0.0025
4174 0.0026 Gama m 0.000225
4083 0.0027 E 3.96E+06
3990 0.0028 v 0.2
3897 0.0029
3803 0.0030
3710 0.0031
3618 0.0032
3527 0.0033
3438 0.0034
3350 0.0035
3264 0.0036
3181 0.0037
Damage Parameter (dc) Inelastic Strain Damage 
Parameter (dt)
Inelastic Strain
0.00 0.00000 0.00 0.00000
0.30 0.00926 0.10 0.00044
0.40 0.01029 0.20 0.00088
0.50 0.01163 0.40 0.00176
0.60 0.01349 0.60 0.00264
0.70 0.01630 0.80 0.00354
0.80 0.02125 0.95 0.00655
0.95 0.05154
Concrete Compression Damage Concrete Tension Damage
Plasticity
Compressive Behavior Tensile Behavior
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(a) 
 
(b) 
Figure 4-16- (a) the structure model using ABAQUS (b) Longitudinal and transverse views of the 
restrains defined on the ABAQUS finite element model of the experimental specimen 
Constraints 
(1) All of the longitudinal bars, transverse bars, and stirrups are constrained to the 
top/bottom slabs using embedment constraint.  This constraint ties the movements 
of the adjacent nodes from the two constraint components and hence it models the 
embedment of the reinforcing bars in the concrete. 
(2) The base plates, studs, and the embedded parts of the small pile’s shaft are 
constrained to the top/bottom slabs using embedment constraints. 
(3) The Y-direction movements of the top slab on the two sides of the transverse 
faces are tied together to avoid single curvature bending on the small piles rather 
than a shear deformation of the small piles. 
(4) The connection of the baseplate to the small piles and the connection of the studs 
to the baseplate and small piles’ flanges are defined using tie constraint as well. 
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(5) The effects of geometric non-linearity (large deformation) were also incorporated 
in the analyses. 
4.9. Loading 
The application of the loads to the structure was static.  A displacement control 
loading approach, same as the actual experiment, was applied to the structure to push the 
top slab along the longitudinal direction.  Two types of displacement control loading 
were applied to the top slab of the modeled structure. 
(1) For the first load type the top slab of the structure was pushed on the longitudinal 
axis of the structure to a large displacement. 
(2) For the second load type static cycles of load were applied to push and pull the top 
slab on the longitudinal axis of the structure.  The same displacement ranges that 
were applied during the actual experiment were also applied as the second loading 
type except the structure was not cycled back and forth at each displacement 
range.  The reason was the great amount of time that ABAQUS takes to solve the 
finite element model. 
For the actual experiment, the sample was pushed and then pulled along the 
longitudinal axis of the structure for 0.05 inches for five cycles.  This is called the 0.05 in 
displacement range.  The displacement range was then increased.  The sample was 
pushed and pulled along the longitudinal axis of the structure for 0.10 inches for five 
cycles.  The displacement ranges were as follows; 
0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.60, 0.70, 0.80, 0.90, 1.0, 
1.1, 1.2, 1.4, and 1.6 inches.  For the actual experiment, the specimen was cycled 5 times 
on every displacement range so the total numbers of cycles were 95.  For the finite 
element mode the sample was cycled only one time for every displacement range 
resulting 19 cycles. 
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Load was applied as a ramp function for every step. 
4.10. Other ABAQUS modeling details 
As mentioned, the step used for analysis is static.  The time-stepping is automatic 
and the maximum and minimum time steps were set to 0.01 and 1E-8, respectively. 
4.11. Verification of the input data for concrete material 
In order to have a better understanding about how to interpret the ABAQUS results 
and also to verify the correctness of the material modeling techniques, two ABAQUS test 
models were developed using the same material model for concrete. 
In the first test model a direct tension was applied to the end of a plane concrete 
block until tensile failure occurred.  For the second test model, a steel plate was pulled 
out from a concrete block.  The following sections explain the details of the finite 
element study.  
4.11.1. Concrete cracking in Damage Plasticity Model 
Unlike concrete models based on the smeared crack approach, the concrete damaged 
plasticity model does not have the notion of cracks developing at the material integration 
point.  However, it is possible to obtain a graphical visualization of the cracking patterns 
in the concrete structure.  Different criteria can be adopted within the framework of 
scalar-damage plasticity for the definition of the direction of cracking. 
For example it can be assumed that cracking initiates at points where the tensile 
equivalent plastic strain is greater than zero and the maximum principal plastic strain is 
positive.  The direction of the vector normal to the crack plane is assumed to be 
parallel to the direction of the maximum principal plastic strain. 
4.11.2. Uniaxial stress on a concrete cylinder 
To have a better understanding of how to interpret the concrete damage plasticity 
results in ABAQUS and also to verify the correctness of the modeling techniques, first, a 
plane concrete cylinder with 6” diameter and 12” length was loaded in tension and 
compression in separate models. 
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The concrete damage plasticity model was used for the concrete material with the 
concrete material input explained in the previous section. 
As mentioned, the concrete damaged plasticity model does not have the notion of 
cracks developing at the material integration point.  So the effective crack direction can 
be visually obtained using various criteria within the framework of scalar-damage 
plasticity for the definition of the direction of cracking. 
It can be assumed that cracking initiates at points where the tensile equivalent plastic 
strain is greater than zero and the maximum principal plastic strain is positive.  So the 
direction of the vector normal to the crack plane is assumed to be parallel to the direction 
of the maximum principal plastic strain.  
Figure 4-17 shows the concrete cylinder modeled.  A tensile displacement-controlled 
load has been applied to the end of the specimen and the size of the analysis steps have 
been reduced so that it can capture the first crack.  A symmetric boundary condition has 
been used. 
Figure 4-17- The concrete cylinder modeled with a tensile displacement-controlled load applied to the 
end of the specimen 
Figure 4-18 shows the stress-strain curve results for the tensile test on the cylinder.  
As can be seen, the concrete cylinder has reached the tensile limit at 520 psi and then 
softening has started.  The drop in the strain is rapid. 
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Figure 4-21- Sketch of the pull-out model developed in ABAQUS (a steel plate being pulled out from 
a concrete block)   
A linear-elastic material model was used for steel to illuminate the effects of steel 
non-linearity and/or plasticity from the results.  The same concrete model that was used 
for the concrete uniaxial loading was also used here.  
Figure 4-22 shows the pull-out force versus the displacement response of the 
structure.  As can be seen in this figure, the concrete block reaches a maximum pull-out 
capacity after on a certain displacement and after that point concrete loses its strength 
rapidly.  This behavior is very similar to what is typically seen in actual experiments. 
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Figure 4-25 shows the maximum principal plastic strain (arrows and contours) after 
failure has occurred and the structure has lost stiffness.  As can be seen in this figure, all 
of the cracks have been developed in a pyramid-shaped portion of the concrete slab and 
the rest of the slab has stayed intact.  This is the conical failure pattern that is expected in 
a pull-out test. 
 
(a) 
 
(b) 
Figure 4-25- Maximum principal plastic strain (a) arrows and (b) contours after failure has occurred 
and the structure has lost stiffness 
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This failure pattern is more observable in the vertical deformation contours shown in 
Figure 4-26 below. 
 
Figure 4-26- Contours of vertical deformation 
As can be seen in Figure 4-27 , after failure the Von-Mises stress in the regions 
below the cracks goes to zero (or very small) which is the behavior that has been defined 
in the concrete material model.  That is, the tensile stress in the concrete (right under the 
steel plate in this example) increases to the tensile strength at which the maximum 
principal plastic strain is zero and no crack has developed yet.  Once the tensile stress 
exceeds the tensile strength, the first maximum principal plastic strain occurs and after 
that point the Von-Mises stress starts decreasing on the tensile side of the crack until the 
maximum principal plastic strain reaches the maximum defined value in the material 
properties.  For strains larger than this defined maximum plastic strain in tension, the 
Von-Mises stress stays the same.  If the defined stress corresponding to this maximum 
principal plastic strain in tension is zero, the concrete totally loses its strength (the 
Von-Mises stress goes to zero).  In the structure modeled here for example, the 
Von-Mises stress reduces to 7.98 psi and stays constant at the locations right below the 
steel plate being pulled out of the concrete block.  The maximum principal plastic strain 
corresponding to this Von-Mises stress is 0.00272893. 
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Figure 4-27- Von-Mises stress in the concrete block after the failure has occurred 
4.12. Results of the finite element analysis and discussion 
The results of the finite element analysis are summarized in this section. 
4.12.1. Analysis results 
Top slab pushed to the east at large displacement (3.78”) 
In one specimen, the top slab was pushed using static displacement control loading 
method, until large displacements were reached.  The deformed shape of the model with a 
scale factor of 2 is shown in Figure 4-28.  Figure 4-29 shows the deformed shape of small 
pile in the model with a scale factor of 2 when the top slab is pushed to 3.78 inches.  As 
can be seen in this figure, when the top slab is only pushed without any cycle, the 
connection will not fail and the baseplate will not rotate in the slabs. 
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Figure 4-28- Deformed shape of the model with a scale factor of 2 when the top slab is pushed to 3.78 inches 
 
Figure 4-29- Deformed shape of small pile in the model with a scale factor of 2 when the top slab is pushed to
3.78 inches 
 Figure 4-30 shows the load displacement of the specimen while monotonic 
displacement controlled load has been applied to the top slab until large deformations.  
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Figure 4-31- The progression of yielding in the small pile as the top slab is being pushed to the east 
Figure 4-32 shows the Maximum Principal Plastic Strain arrows on the web of the 
small pile.  Figure 4-33 shows the Maximum Principal Plastic Strain contours on the web 
of the small pile at the 3.78 inches of top slab movement. 
 
Figure 4-32- Maximum Principal Plastic Strain arrows on the web of the small pile 
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Figure 4-33- Maximum Principal Plastic Strain contours on the web of the small pile at the 3.78
inches of top slab movement 
Figure 4-34 shows the progression of micro cracks in the concrete slabs as the top 
slab is being pushed to the east towards large displacements.  These results also show the 
singularity (stress concentration) issue at the small pile-concrete interface as was 
witnessed in the experimental program as well (section 3.7.2).  Methods have been 
proposed in section 8.3 to mitigate the singularity issue at the interface. 
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Figure 4-34- Progression of micro-cracks in the concrete slabs as the top slab is being pushed to the 
east towards large displacements 
Figure 4-35 shows the Maximum Principal Plastic Strain contours on entire structure 
at the 3.78 inches of top slab movement.  This figure helps to achieve a good 
understanding on the failure pattern of the structure. 
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Figure 4-35- Maximum Principal Plastic Strain contours on entire structure at the 3.78 inches of top
slab movement 
Neither the longitudinal bars nor the stirrups have yielded. 
The first micro cracks occur at the interface of the steel beam flanges and the 
concrete in tension.  That is, when the top slab is pushed to the east, the east flange on the 
top and the west flange on the bottom get separated from the concrete due to tension.  
The second formation of micro cracks is the separation of the tension side of the base 
plates from the concrete.  These cracks will propagate around the tension areas of the 
baseplates.  At the same time, tension cracks start to develop around the studs connected 
to the baseplates.  Other micro cracks also occur due to the bending moment in the top 
and bottom slabs.  These cracks are vertical and they are well controlled via the 
longitudinal bars so their sizes are very small. 
Top slab is pushed and pulled to the east and west at various 
displacements 
Figure 4-36 shows the ABAQUS load-displacement hysteresis curves for the 
structure when the top slab is pushed and pulled to the east and west at various 
displacements. 
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developed transition system.  In this model, the top slab was pushed with a displacement 
control method in multiple stages and the required force was determined.  
(2) The second model is developed using shell elements for all of the structural elements 
(Figure 4-39).  The effects of material non-linearity for steel have been incorporated in 
the model.  It should be noted that SAP2000 uses engineering stress-strain curves for 
the material model so a simplified version of the stress-strain curve resulted from the 
material testing was entered.  The default confined concrete model was used for the 
concrete material.  The effects of geometric non-linearity (P-Δ analysis and large 
deformations) were considered in the model.  The soil-structure interaction was 
modeled using springs spaced at one inch on the small piles.  The stiffness of the 
springs was taken 5000 lbs/in/in.  The friction between the soil and the top slab was 
directly applied to the top slab as uniform distributed load.  Linear-elastic material 
properties were also used with this model to compare the results against the model (1). 
Figure 4-38- 2D SAP2000 model of the test specimen in which all of the structural elements are
modeled using beam elements.  The soil around the small piles has been modeled using
springs.  
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Figure 4-39- 3D SAP2000 model of the test specimen in which all of the structural elements are
modeled using shell elements.  The soil around the small piles has been modeled using 
springs. 
Figure 4-40 shows the contours of horizontal displacement developed using 
SAP2000.  Figure 4-41 shows the contours of maximum stress developed using 
SAP2000. As can be seen in this figure, the yielding has occurred on the small piles’ 
webs.  The size of the yield areas is smaller on the bottom segments of the small piles. 
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Figure 4-40- Contours of horizontal displacement developed using SAP2000  
 
 
Figure 4-41- Contours of maximum stress developed using SAP2000  
Figure 4-42  is the load-displacement curves from SAP2000 2D model with 
linear-elastic material properties.  Figure 4-43 is the load-displacement curves from 
SAP2000 model developed using shell elements with linear elastic material properties.  
The results of the two models are in very close agreement and also in a good agreement 
with the initial stiffness resulted from the actual test. 
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Chapter 5.  
Development of Design Provisions; 
Seamless Bridge System with Jointed or 
Flexible Roadway Pavement 
5.1. Scope 
Analysis, design and construction of a seamless bridge and approach slab system are 
to the most part very similar to any other bridge structure.  There are some new 
components involved in the system that are not typically seen in other bridge systems.  
The new components include transition slab, secondary slab, small piles, and the 
connection of the small piles to the transition concrete slabs (Figure 5-1).  This chapter 
explains the recommended design methods for these new components. 
Figure 5-1- General configuration of the seamless bridge system used with JPCP 
5.2. Introduction 
The design of a seamless bridge and roadway system, like any other structure, 
consists of analysis of the structure and design of the structure’s components for the 
demand.  The design process is an iterative process in which the initial design (system 
End Joint
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configuration) will be determined.  With the initial design (system configuration) 
finalized and the demand in all components determined through the analysis, various 
parts of the system will be designed according to AASHTO LRFD bridge design 
Specifications (2010).  The new system components specific to the seamless bridge are 
the transition slab, the small piles, the secondary slab, and the geomaterial used to fill the 
space between the small piles. 
Relevant pavement design loadings are the longitudinal strains (thermal effects, 
creep and shrinkage) and the out-of-plane effects (due to traffic wheel loads, settlement 
of approach embankments and rotational effects transferred from the bridge deck). 
5.3. Analysis 
The seamless bridge has to be analyzed as a whole system with all other system 
components.  In other words, all of the system components such as the bridge structure, 
the approach slab, the transition slab, the small piles, the geomaterial around the small 
piles, and the secondary slab have to be incorporated in the analysis (Figure 5-2). 
                                     Bridge                                   Approach     Transition slab 
                                                                        Small piles and soil modeled using springs 
Figure 5-2- A SAP2000 model of the seamless bridge system 
5.3.1. Uniform temperature change 
In order to account for the effect of temperature changes in design of the transition 
region of the seamless bridge system, only the effect of uniform temperature change may 
be considered. 
The calculation of uniform temperature changes should be in accordance to Article 
3.12.2 of AASHTO LRFD Bridge Design Specifications (2010). In those specifications, 
two procedures are recommended: Procedure A and Procedure B. Both procedures may 
be used for concrete deck bridges having concrete or steel girders. For all other types of 
bridges, Procedure A should be employed. 
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Procedure A 
Table 5-1 presents the temperature ranges to calculate the design thermal 
movements. The difference between these values and the base construction temperature 
should be used to calculate thermal movements. 
Table 5-1 Procedure A Temperature Changes (Table 3.12.2.1-1 of AASHTO) 
Climate Steel or Aluminum Concrete Wood 
Moderate 0 to 120 oF 10 to 80 oF 10 to 75 oF 
Cold -30 to 120 oF  0 to 80 oF 0 to 75 oF 
Procedure B 
The range of temperature change is the difference between maximum design temperature 
and minimum design temperature. In concrete girder bridges with concrete decks, the maximum 
design temperature is given in Figure 5-3 and the minimum design temperature is given in 
Figure 5-4. In the case of steel girder bridges, the maximum and minimum design temperatures 
are given in Figures Figure 5-5  and Figure 5-6, respectively. 
Figure 5-3- Maximum design temperature for concrete girder bridges. (figure 3.12.2.2-1 from 
AASHTO) 
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Figure 5-4- Minimum design temperature for concrete girder bridges. (figure 3.12.2.2-2 from 
AASHTO) 
 
Figure 5-5- Maximum design temperature for steel girder bridges. (figure 3.12.2.2-3 from AASHTO) 
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Figure 5-6- Minimum design temperature for steel girder bridges. (figure 3.12.2.2-4 from AASHTO) 
5.3.2. Bridge movements 
Bridges expand and contract because of daily and annual temperature changes and 
time-dependent volume changes associated with concrete creep and shrinkage.  The 
important movement here is the maximum total thermal movement at each end resulting 
from the total effective temperature range.  A coefficient of thermal expansion for 
concrete is typically assumed to be 5.5 to 6.0 millionths/°F. 
5.3.3. Soil-structure interaction 
Soil-structure interaction using p-y curves shall be considered in the analysis and 
design of the small piles (Federal Highway Administration (FHWA 2005) and also 
American Petroleum Institute (API 1993)). 
Soil-structure interaction analysis of piles can be carried out using available software 
(LPILE, COM624P, FB-MultiPier) utilize this approach.  Further information on this 
topic is provided in Article 10.7 of AASHTO LRFD Bridge Design Specifications 
(2010). 
The interaction between the soil and the small piles can be modeled in the structural 
analysis using springs.  Some representative values for the effective spring stiffness per 
unit length of the pile, kh, are given in Table 5-2 .  It should be noted that spring stiffness 
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around the small piles highly depends on the relative density of the compacted soil 
material surrounding the small piles and the confinement pressure.  Since the soil 
material is manually compacted, the relative density of the compacted soil shall be 
measured during the compaction process and this compaction shall be related to the soil 
stiffness. 
Table 5-2- Values of kh for clay and sand, Soil properties for an HP 10x42 pile in clay and sand 
soils (Iowa DOT Report HR 273) 
As can be seen in Table 5-2, the stiffness values for all sands are directly related to 
the depth.  This is due to high dependency of granular soils’ specifications to 
confinement pressures (the confinement pressure increases by the depth).  As the small 
piles for this structure are constructed under the transition slab and due to higher unit 
weight of concrete compared to sand, the sand underneath of the slab is also confined and 
the equivalent depth may be considered to determine the stiffness of the soil. 
 
Clay 
 
Soft Stiff Very Stiff 
Blow count, N 3 15 40 
Effective unit  
weight,  y(pcf) 
50 60 65 
Undrained 
cohesion, cu (psf) 
400 1,600 5,000 
Pu (kif) 
(use lesser  value) 
3.0or 
1.0 + 0.24x 
12or 
3.9 + 0.85x 
37or 
12.5 + 10.1x 
kh (ksf) 
(use lesser  value) 
72or 
24 + 5.8x 
580or 
190 + 41x 
2,200or 
750 + 610x 
 
Sand 
 
Loose Medium Dense 
Blow count, N 5 15 30 
Effective unit  
weight, y(pcf) 
55 60 65 
Angle of friction, <1> ao• 35° 40° 
Pu (kif) 0.070x2 + 0.12x 
for x ,;; 20 
 
1.5x forx  
> 20 
0.15x2 + 0.17x 
forx s 18 
 
2.9x forx 
> 18 
0.26x2 + 0.24x 
forx  s 22 
 
5.9x forx 
> 22 
kh(ksf) 8.0x 27x 72x 
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5.3.4. Connection of the small piles to the slabs 
The connection of the small piles to the slabs can be assumed rigid for analysis 
purposes.  End rigidity shall be assumed in the case that beam or shell elements are used 
in modeling the structure. 
5.3.5. Structural analysis 
  The structural analyses shall take into account the effects of longitudinal stiffness 
reduction due to cracking the transition slab in tension (temperature reduction/bridge 
contraction).  The iterative structural analysis of the seamless bridge and roadway system 
in conjunction with cracked section analyses consist of the following steps. 
1. Development of the structural analysis model of the entire system consisting of 
the bridge super structure, bridge approach slab, transition slab, secondary slab, 
and the small piles 
2. For the first iteration, application of the temperature increase to the bridge system 
model, analyze the structure for the forces and determining the compressive 
in-plane forces in the bridge deck, approach and transition slabs 
3. Carrying out cracked section analyses (cracked section analysis will be described 
in the consequent sections) for the approach slab and various segments of the 
transition slab assuming an in-plane tensile force in the sections equal to the 
force obtained from the step 2 and determine the axial stiffness modification 
factors 
4. Modify the axial stiffness of the slab segments based on the cracked section 
analyses (step 3) and analyze the structural model with the modified in-plane 
stiffness obtained in step 3 and with the temperature reduction; determine the 
in-plane tensile axial forces in the system 
5. Check the convergence of the axial forces in all segments of the slabs 
6. Stop here if converged otherwise go to step 3 
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5.4. Initial system design 
The seamless bridge and roadway system consists of the bridge superstructure, the 
approach slab, the transition slab, the small piles and the secondary slab.  The length of 
the transition slab and secondary slabs, the shape, size and spacing of small piles and the 
embedment depth of the secondary slab shall be determined. 
The configuration of the system is obtained through structural analyses of various 
system configurations.  The reduced cracked stiffness of the system in tension may be 
neglected in this phase and only the compressive behavior may be considered. 
It should be noted that increasing the length of the transition slab with a same 
number of small piles per unit length of the transition slab will not be necessarily 
effective in reduction of the end joint movements.  The reduction of the end joint 
movement is initially rapid but the reduction of movement of end joints will not be as 
significant after a certain length of the transition slab.  In other words, there is an 
optimum transition slab length (for every small pile configuration) that needs to be 
determined and after this optimum length, increasing the length of the transition slab will 
not be effective.  A parametric study, with various lengths for transition slab, various 
small pile configurations, and various depths for the secondary slab shall be carried out to 
determine the optimum initial design for the seamless bridge system. 
  Decision about the effective transition slab length shall be made based on end joint 
movement requirements, small pile design, connection design and also the economy of 
the project.  Larger movement of end joints will increase the demand on small piles 
(larger drift on small piles) and therefore it increases the demand on the connection. 
5.5. Design of the system components 
After the initial design of the system (the required length of the transition and 
secondary slabs, the shape, size and spacing of small piles and the embedment depth of 
the secondary slab) is finalized, the components of the system shall be designed in 
accordance to the AASHTO LRFD Bridge Design Specifications.  The following sections 
provide the design procedures for the components of the newly developed system. 
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5.5.1. Approach slab and bridge deck 
The design of the approach slab and bridge deck shall be in accordance with the 
AASHTO LRFD Bridge Design Specifications. 
Extra reinforcement may also be required in the approach slab for crack control 
under the tensile in-plane forces due to thermal expansion.  The bridge deck also has to 
be checked for cracking. 
The approach slab shall be checked for the compressive thermal stresses to avoid 
concrete crush. 
The approach slab shall be designed for the differential settlement of the bridge 
abutment and the transition system. 
5.5.2. Transition slab 
The main objectives of transition slab design are the following; 
- Avoid concrete crush in compression (due to thermal expansion) 
- Achieve a uniform cracking pattern with the crack width and spacing in a desired 
range in tension (due to thermal contraction) 
- Obtain adequate punching shear capacity against the design trucks’ heavy wheels 
- Obtain adequate moment transfer capacity between the small piles and the slab 
(Provide required resistance for the small piles-slab connection) 
The required length of the transition slab has previously been identified based on the 
required stiffness to effectively control the movement of end joint. 
The thickness of the transition slab will be determined in this design step based on 
the punching shear requirements, connection to the small piles, and also to some extent 
the in-plane horizontal stiffness of the system to reduce the movement of end joint. 
Reinforcement of the transition slab shall be determined based on cracked section 
analysis under tensile in-plane forces. 
The transition slab shall be checked for the maximum bending moments between the 
rows of small piles. 
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designed to resist the force exerted from the small piles wanting to rebound back to their 
original un-deformed state.  Reinforcement perpendicular to this crack may be also used. 
Figure 5-8- Crack pattern on the transition slab on the last row of small piles 
5.5.3. Secondary slab 
The design of the secondary (bottom) slab is very similar to the transition (top) slab.  
The length will be greater or equal to the top slab.  Likewise, the thickness is designed for 
punching shear and connection to the small piles (the secondary slab thickness will be 
most likely equal to the transition slab).  The reinforcement of the secondary slab is also 
designed for bending moments. 
The secondary slab shall be designed for the bending moment exerted from the small 
piles to the slab.  The secondary slab shall also be designed for the bending moment due 
to the soil pressure underneath. 
Both slabs shall be designed for two-way (Punching shear) and one-way shear.   
5.5.4. Small piles 
The required stiffness (moment of inertia and length) for the small piles is previously 
designed in the general system configuration phase.  The design small piles’ section shall 
be designed based on the following factors; 
- Effectively control the slab’s movement of end joint (general system 
configuration design) 
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- Moments developed in the small pile due to the forces transferred to the pile 
from the connection and the soil (soil-structure interaction) 
- Maximum differential movement at the two ends of the small pile exerted to the 
piles from the slab movements 
- Shear forces exerted to the small pile 
- The end base-plates and shear studs shall be designed based on the connection 
requirements 
- The small piles shall be checked for “over-strength”.  That is, in the case the 
strength of the steel used in the small piles is larger than the required strength by the 
designer, the connection shall also be checked for the extra strength. 
5.5.5. Connection of small piles to the slabs 
One of the most important design aspects of the small pile-slab connection is the 
ability of the connection to effectively transfer the moments generated in the small piles 
due to differential end joint movement to the slab.  These moments are cyclic moments 
that repeat over the life of the structure. 
Another design criterion for the connection design is the punching shear of both 
slabs.  This criterion may require the designer to use larger base plates at the ends of the 
small piles or increase the thickness of the slab. 
Two major strategies can be followed to design the connection for the moments; 
1. The connection between the small piles and slabs is designed for the full plastic 
moment capacity of the small piles.  In other words, the connection is designed 
so that increasing the moment in the connection will eventually result in 
development of a plastic hinge in the small pile without the connection failure. 
2. The connection between the small piles and slabs is designed for the maximum 
moment the connection will experience in the life of the structure. 
The first methodology is typically used for seismic design of the structures because 
of the following reasons. 
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In seismic design of structures it would be impossible or un-economical to design the 
structure to maintain elastic behavior during a seismic event.  Therefore, nonlinear 
deformations of frame structures will be anticipated through the development of inelastic 
flexural or shear strains within some regions of the structure and at large inelastic strains 
these regions can develop into plastic hinges through yielding at tensile fibers and 
buckling at compressive fibers.  This behavior can also cause significant energy 
dissipation and potentially substantial damage to the highly strained elements.   On the 
other hand, the formation of hinges is not desired in the connections panel zone as this 
may result in brittle failure of the connection (Fema-350, 2009). 
Brittle connection fractures are undesirable because severe connection degradation 
can result in loss of gravity load carrying capacity of the framing at the connection and 
the potential development of local collapse.  Plus, the occurrence of many connection 
fractures results in a substantial reduction in the lateral-force-resisting strength and 
stiffness of the structure which, in extreme cases, can result in instability and collapse 
(Fema-350, 2009) 
For the seamless bridge system the movement of the transition slab during the life of 
the structure can be determined with a good level of accuracy.  These movements are not 
extreme events either.  These connections are not designed to dissipate energy during the 
bridge thermal movements by forming plastic hinges. 
The connections shall be designed to remain elastic at the level of movements. 
The connection may be designed to mobilize the full plastic moment capacity of the 
small pile. 
The connection configuration may be selected from some prequalified steel element 
to concrete slab configurations, such as column baseplate connections (Figure 5-9), or it 
may be detailed and designed similar to the example provided in this section. 
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The geomaterial used around the small piles will be touched soil which is manually 
compacted.  It is highly recommended to use granular material in this region instead of 
cohesive soil because of the following reasons. 
- Compaction of granular soils is easier especially in the space between the small 
piles and vibratory plate compactor can be used to achieve a desired compaction 
- The long term settlement of granular soils is smaller than the cohesive soils and 
this reduces the need for future under-filling 
- The very small cohesion of granular material helps it to move easier around the 
small piles and better fill the gaps around the piles caused by pile movements.  
Although the experiment showed that this gap will develop at least in large 
deformations, but the size of this gap would be significantly smaller than the size 
of a gap that will develop around the small piles in the case of cohesive soil is 
used. 
- Granular material is more commonly used by the state DOTs for base and 
sub-base construction 
 The following soil mechanics tests shall be carried out on the fill soil material. 
- Moisture Density Relation of the soil using AASHTO T99 and AASHTO T 180 
test methods 
- Maximum and Minimum Density (Relative Density) tests in accordance with 
ASTM D 4253, Standard Test Method for Maximum Index Density and Unit 
Weight of Soils Using a Vibratory Table, and ASTM D 4254, Standard Test 
Method Minimum Index Density and Unit Weight of Soils and Calculation of 
Relative Density 
- In Place moisture content and density determinations during placement of the 
backfill (using a nuclear moisture density meter in accordance with ASTM 6938, 
Standard Test Method for In place Density and Water Content of Soil and Soil 
Aggregate In Place by Nuclear Methods (Shallow Depth)). 
The compaction of the fill shall be measured during the compaction process to assure 
the required compaction will be achieved. 
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5.6. Cracked section analysis 
Three factors contribute to the stress in the transition zone of the seamless bridge; the 
truck wheel load, the thermal loads, and the axial loads exerted to the transition zone 
from the bridge. 
In 1997 the ACI Committee 224 published a report on the cracking of the concrete 
members in direct tension (ACI Committee 224 Report 1997).  In that report, the methods 
of determining the maximum probable crack width were explained as well as the methods 
of stiffness reduction for an axially tensioned concrete member. 
ACI Committee Report 224.2R-92 applications to the design of the seamless bridge 
shall be used for the cracked section analysis. 
Because concrete is relatively weak and brittle in tension, cracking is expected when 
significant tensile stress is induced in a member. Mild reinforcement can be used to 
provide the necessary tensile strength of a tension member.  However, a number of 
factors must be considered in both design and construction to insure proper control of 
cracking that may occur. 
A separate report by ACI Committee 224 (ACI 224R) covers control of cracking in 
concrete members in general, but contains only a brief reference to tension cracking.  The 
method explained here deals specifically with cracking in members subjected to direct 
tension.  As cracks develop, a progressive reduction in axial stiffness takes place. 
Methods for estimating the reduced stiffness in the post-cracking range are presented for 
one-dimensional members. 
The ACI Report 224.2R-92 (1997) specifies the maximum probable crack width in a 
fully cracked member from the following equation. 
33
max 1010.0 AdfW cs
−×=  Eq. 5-1 
In which dc is the distance from center of bar to extreme tension fiber (in.), fs is the 
service stress in the reinforcement (ksi) which for normal structures 0.6fy can be used.  A 
is the effective tension area of concrete surrounding the tension reinforcement, and 
having the same centroid as that reinforcement, divided by the number of bars (sq.in.) 
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ACI Committee 224 specifies 0.007 in. permissible crack width for members subject 
to de-icing chemicals (ACI Committee 224 1997).  Plugging the crack width into Eq. 5-1, 
the bar spacing, slab thickness and concrete cover in the above equation, the amount of 
service stress/strain in the reinforcement can be determined. 
There are no universally accepted rules for the maximum crack widths.  The ACI 
Code crack control limits are based on a maximum crack width of 0.016 in for interior 
exposure and 0.013 in for exterior exposure; however, what constitutes interior and 
exterior exposure is not defined.   
The Euro-International Concrete Committee (CEB) limits the mean crack width 
(about 60 % of the maximum crack width) as a function of exposure condition, sensitivity 
of the reinforcement to corrosion, and duration of the loading condition. 
The AASHTO LRFD Bridge Design specifications control the cracking by 
distribution of reinforcement rather than the crack spacing (5.7.3.4).  In the equation 
5.7.3.4-1, AASHTO LRFD Bridge Design Specs define a exposure factor (γe) which is 
1.00 for Class 1 exposure condition and 0.75 for Class 2 exposure condition.  This 
equation is based on a physical crack model.  “This equation with Class 1 exposure 
condition is based on an assumed crack width of 0.017 in.  Previous research indicated 
that there appears to be little or no correlation between crack width and corrosion, 
however, the different classes of exposure conditions have been so defined in order to 
provide flexibility in the application of these provisions to meet the needs for Authority 
having jurisdiction.  Class 1 exposure condition could be thought as an upper bound in 
regards to crack width for appearance and corrosion.  Areas that the Authority having 
jurisdiction may consider for class 2 exposure condition would include decks and 
substructures exposed to water.  The crack width is directly proportional to the γe, 
exposure factor, therefore, if the individual Authority with jurisdiction desires and 
alternate crack width, the γe factor can be adjusted directly” (AASHTO LRFD Bridge 
Design Specs).  For example a γe factor of 0.75 (Class 2 exposure condition) will result in 
an approximate crack width of 0.012 in. 
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⎟⎟⎠
⎞⎜⎜⎝
⎛
+−′=′ nff tlcrs 1
1
, ρ  
Eq. 5-4 
The axial load that causes first cracking in the axially tensioned member; 
scrscr AfP ×′= ,  Eq. 5-5 
The average strain in the tensile member can be calculated from the CEB Model 
Code; 
⎥⎥⎦
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⎞
⎜⎜⎝
⎛
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2
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s
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sm f
f
kεε  Eq. 5-6 
In which sss Ef=ε , k = 1.0 for first loading and 0.5 for repeated or sustained 
loading (here k=0.5.) 
The effective modulus of elasticity of steel bars can be determined from the 
following equation. 
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Eq. 5-7 
The denominator of the above equation is smaller than 1.  So this equation basically 
increases the stiffness of the actual reinforcements in the tensile member to compensate 
for the presence of some concrete after the cracking of the member.  The average strain in 
the tensile member, mε , can be used to evaluate the elongation of the member due to the 
applied tensile load.  The effective axial cross-sectional stiffness of the tensile concrete 
member can now be written as ( ) ssmeff AEEA = . 
In which As is the actual steel area.  The ratio term (EA)eff/(EA) is the section 
modification factor that shall be used in the structural analysis to modify the axial 
stiffness of the member in tension.  After the system is analyzed using this modification 
factor for every segment over the length of the transition slab, the resultant forces will be 
used in the next iteration for cracked section analysis and this is repeated until 
conve
analy
with 
Figur
 
rgence occ
sis.  Figure
the cracked 
e 5-10- Crack
urs.  Figure
 5-11 show
section anal
ed section ana
 5-10 show
s an MS Ex
ysis. 
lysis flowcha
s the gener
cel Spreads
rt 
al flowchart
heet develo
 for the cra
ped to help
25
cked sectio
 the designe
6 
n 
r 
Figur
5
T
shoul
expla
Desig
T
Super
F
five s
in thi
12 in
e 5-11- MS E
membe
.7. Desig
his section
d be noted
ined in this
n Specifica
5.7.1. In
he bridge 
structure Br
igure 5-12 
teel girders 
ckness is al
 thickness. 
xcel spreadsh
r under tensi
n examp
 provides th
 that only d
 chapter an
tions shall b
troductio
structure w
idge”, FHW
shows the d
with 8.5 in.
so considere
eet developed
on according
le 
e design st
esign aspe
d for the ot
e used. 
n 
as taken fr
A/National
imensions 
 thick slab d
d.  The stru
 to carry ou
to ACI Repor
eps for a pr
cts specific 
her design a
om “LRFD
 Highway In
of the bridg
eck.  An ap
cture then i
t cracked sec
t 224.2R-92 (
ototype sea
to the new
spects the 
 Design Ex
stitute (NH
e structure.
proach slab
s connected 
tion analysis 
1997) 
mless bridg
ly develop
AASHTO L
ample for 
I), 2003. 
  The bridg
 with 16 ft l
to a transiti
25
 
for a concre
e system.  
ed system 
RFD Bridg
Steel Girde
e consists o
ength and 1
on zone wit
7 
te 
It 
is 
e 
r 
f 
8 
h 
I(a) 
(b) 
(c) 
Figur
T
eleme
t is assumed
e 5-12- Steel
arrang
5.7.2. St
he finite ele
nt model of
 the design 
 bridge struc
ement (b) Sup
ructural a
ment packa
 the structur
temperature
ture (FHWA
erstructure c
nalysis 
ge SAP2000
e (Figure 5-
 change for 
/National Hi
ross-section (
 (version C
13).  Due to
the life of th
ghway Instit
c) Plate girde
 9.1.0) was 
 the symme
is structure 
ute (NHI), 2
r elevation 
used to deve
try of the st
25
is 100 °F. 
003) (a) Spa
lop the finit
ructure abou
8 
n 
e 
t 
259 
two axes, only half of the bridge was modeled.  The effect of 100 °F temperature increase 
is initially modeled to develop the general system configuration. 
The small pile configuration used for the transition zone of the bridge consists of 
W10×49 steel pile sections spaced at 4 ft longitudinally and side by side (the same as 
what was considered the most effective configuration for the prototype bridge used in the 
experimental study section.)  The secondary slab is located at 4 ft depth. 
Figure 5-13- SAP2000 model of the bridge (secondary slab located at 4 ft depth, small piles W10×49 
spaced at 4 ft, 30 ft transition zone, 100 °F temperature change) 
5.7.1. Soil structure interaction 
The interaction between the soil and the small piles is modeled using springs which 
represent the stiffness of the soil.  Some representative values for the effective spring 
stiffness per unit length of the pile, kh, have been given in the previous sections . 
Since the transition zone of a bridge is to be constructed on a compacted soil (stiff) 
and also the results of the experimental program proved so, the stiffness values for stiff 
sand will be used to determine the stiffness of the springs.  The transition slab thickness 
is one foot so the equivalent soil depth on the surface of the compacted sand can be 
calculated as follows. 
Density of 70% compacted sand = 115 pcf 
Density of Concrete = 150 pcf 
150/115 × 1 ft = 1.3 ft 
72 × x = 72 × (1.3 + 5.3)/2 = 240 (kips/sq.ft) Î 240 × 6.94 = 1700 lb/sq.in. 
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If the springs are spaced at 6 in on the small piles’ length, the effective spring 
stiffness can be determined as follows. 
1700 lb/sq.in. × 6 in. = 10000 lb/in. 
Therefore, a stiffness value of 10000 lb/in will be used in the finite element models 
to model the soil pile interaction, if the springs are spaced at 6 inches. 
5.7.2. Bridge movements and system configuration 
Figure 5-14 shows the horizontal displacement contours for the bridge model and 30 
ft transition slab.  This result shows the movement of end joint of this system 
configuration. 
Figure 5-14- Horizontal displacement contours for the bridge model (secondary slab located at 4 ft 
depth, small piles W10×49 spaced at 4 ft, 30 ft transition zone, 100 °F temperature 
change) 
The SAP2000 model analysis is executed for various transition slab lengths of 6, 14, 
22, 30, 34, 42, 50, and 60 feet as well as the bridge without a transition region.  Various 
small pile configurations were also considered.  Figure 5-15 shows the movement of end 
joint of the bridge and transition zone system versus the length of the transition slabs (for 
various small piles spacing; 100 °F temperature increase).  As can be seen in this figure, 
increasing the length of the transition slab with a same number of small piles per unit 
length will not be effective in reduction of the bridge system’s end joint movements.  The 
reduction of the movement of end joint is initially rapid but the reduction of movement of 
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end joints will not be as significant after some point.  Decision about the effective 
transition slab length should be made based on end joint movement requirements, small 
pile design, connection design and also the economy of the project.  Larger end joint 
movements will increase the demand on small piles (larger drift on small piles) and 
therefore it increases the demand on the connection. 
In this design example, the transition slab will be 50 feet long.  So the ultimate 
system configuration will be 50 feet of transition slab supported with W10×49 small piles 
spaced at 4 feet both ways.  The secondary slab imbedded at 4 feet depth. 
 
Figure 5-15- Movement of end joint of the bridge and transition zone system versus the length of the 
transition slab; Secondary slab is at 4 feet depth; 100 °F temperature increase 
Figure 5-16 shows the horizontal displacement along the length of the bridge deck, 
approach slab, and the 50 ft long transition slab (final bridge configuration) due to 100 °F 
temperature increase.  As can be seen in this figure, the bridge end joint movement 
without the new system would be about 0.9 inch.  However, with the new bridge system 
utilized, this movement has been decreased to about 0.4 inch. 
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Conservatively, it can be assumed that all weight from one design truck tire is fully 
transferred to one of the small piles and the soil pressure on the bottom surface of the 
secondary slab is neglected. 
Vu = 32/2 = 16 kips 
߮ ௖ܸ = ݉݅݊
ە
ۖ
۔
ۖ
ۓ ߮ ൬2 + 4ߚ௖൰ඥ ௖݂
ᇱܾ଴݀
߮ ൬ߙ௦ܾ݀଴ + 2൰ඥ ௖݂
ᇱܾ଴݀
߮4ඥ ௖݂ᇱܾ଴݀
 
߮ ௖ܸ = ݉݅݊
ۖە
۔
ۖۓ 0.85 × ൬2 + 41.0൰√5000 × 100 × 3 × 10
ିଷ = 108
0.85 × ൬40 × 9100 + 2൰√5000 × 100 × 3 × 10
ିଷ = 101
0.85 × 4 × √5000 × 100 × 3 × 10ିଷ = 72
= 72	݇݅݌ݏ 
φ Vc = 72 kips >> 16 kips OK  
As the above calculations show, although the demand has been taken overly 
conservative and on the other hand the effects of reinforcement in the concrete and studs 
on the small pile are neglected, the punching shear capacity of the connection is 
significantly higher than the demand. 
 
Figure 5-17- Sketch and dimensions of the small piles to the slab connection 
2. Moment capacity 
To design the connection for the moment capacity, the Appendix D of ACI manual 
(Anchoring to concrete) is used for the pull-out from the concrete check.  For the bearing, 
the connection can be conservatively designed as a normal base plate connection because 
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- Tensile force 
If anchor bolts to be used (as a normal baseplate connection) the required tensile 
strength of the anchors can be determined as follows. 
ܯܽݔ ൜ ܶߙ	 = 	71.4	݇݅݌ݏ/݅݊	 × 	3.46	– 	2.596	 = 	244	݇݅݌ݏܶߙ	 = 	71.4	݇݅݌ݏ/݅݊	 × 	3.58	– 	18.596	 = 	237	݇݅݌ݏ	
- Base plate flexural yielding 
If the connection is designed as a normal base plate connection, the following two 
criteria shall be used to determine the required base plate thickness.  The first criterion is 
based on the moment developed in the base plate from the tension in the anchor rods and 
the second equation is based on the moment developed in the base plate due to the 
bearing against the concrete. 
ߛ = 3.46" > m= (16-0.95d)/2=3.25” 
ݐ௣௟௔௧௘,௥௘௤.
= ݉ܽݔ
ە
ۖ
ۖ
ۖ
۔
ۖ
ۖ
ۖ
ۓ 2.11ඨ ఈܶݔܤܨ௬ = 2.11
ඨ244 × 1.2816 × 50 = 1.3"
ܦ݁ܽ݀	ܮ݋ܽ݀	ܱ݈݊ݕ	1.49ܿඨ ఈܲܤߛܨ௬ = 1.49 × 3 ×
ඨ 3.1216 × 3.46 × 50 = 0.15
ܮ݅ݒ݁	ܽ݊݀	ܦ݁ܽ݀	ܮ݋ܽ݀	1.49ܿඨ ఈܲܤߛܨ௬ = 1.49 × 3 ×
ඨ 28.7216 × 3.58 × 50 = 0.48
 
For the selected type of connection, since no tension anchor will be used the first 
criterion is not required.  So the minimum required thickness for the base plate is 0.5 in. 
3. Pull-out check 
Appendix D from ACI code is used for the design provisions of this section. 
- Pullout strength of anchors in tension 
The figure below shows the base plate and shear studs that will be used in the 
connection. 
௣ܰ௡ =
F
௉ܰ =
2
-
௖ܰ௕௚
ܣே஼
= (2
߰௖,௉ ௉ܰ 
or a single h
8ܣܭ௕௥௚ ௖݂ᇱ
44 kips / 8 =
 ACI cod
used. 
= ܣே஼ܣே஼଴ ߰௘௖
= ൫2 × 1.5ℎ
× 1.5 × 10
eaded stud
= 8 × (0.25
 30.5 kips <
e Section D
,ே߰௘ௗ,ே߰௖,ே
௘௙௙ + ܵ1൯ ×
+ 3) × (2 ×
 
: 
ߨ × 1.6) ×
 50.3 kips  
.5.2 (Concr
߰௖௣,ே ௕ܰ 
൫2 × 1.5ℎ௘
1.5 × 10 +
5.0 = 50.3
    OK 
ete breakou
௙௙ + ܵ2൯ 
10) = 132
 
	݇݅݌ݏ 
t strength o
0		ݏݍ. ݅݊. 
 
f anchors i
26
 
n tension) 
8 
is 
ܣே஼଴
௕ܰ =
߰௘௖,ே
߰௘ௗ,ே
߰௖,ே
߰௖௣,ே
௖ܰ௕௚
S
group
T
concr
the 1
(cone
resist
= 9ℎ௘௙௙ଶ =
ܭ௖ඥ ௖݂ᇱℎ௘௙௙ଶ
= 1					ܰ݋	݁
= 1.01 
= 1.25	݂݋ݎ	
= 1.0 
= 1320900 × 1
o in the cas
 of shear stu
he appendi
ete breakou
.5heff distan
 failure) tog
 the momen
9 × 10ଶ =
= 24 × √5
ܿܿ. ݈݋ܽ݀݅݊݃
ܿܽݏݐ − ݅݊	ܽ
× 1.01 × 1
e that there 
ds will brea
x D from A
t resistant fo
ce from the
ether and t
t exerted to 
900			ݏݍ. ݅݊.
000 × 10ଵ.ହ
 
݊ܿℎ݋ݎݏ	ܿݎܽ
.25 × 1 × 5
is not concre
k out as a w
CI Code all
r the group
 face of the
he cross se
the connecti
 
× 10ିଷ =
ܿ݇	݉ܽݕ	݋ݎ
3.67 = 99.
te confinem
hole (like a
ows the des
 of anchors
 group of a
ctional area 
on (Figure b
53.67		݇݅݌ݏ
݉ܽݕ	݊݋ݐ	݋ܿ
4	݇݅݌ݏ ≯ 24
ent or no st
 pyramid) fr
igner to us
.  The stirru
nchors to t
of the stirr
elow). 
 
ܿݑݎ 
4	݇݅݌ݏ						ܰ
irrups are us
om the conc
e stirrups to
ps shall be p
ie the sides
ups shall be
26
݋ݐ	ܩ݋݋݀! 
ed, the 
rete slab. 
 improve th
laced withi
 of the crac
 adequate t
9 
e 
n 
k 
o 
AM
ܨ௨௟௧,௕
R
B
ܴ × (
F
ܣ
I
bars 
accou
ABA
this c
s can be se
u = 3020 k
௔௥௦ = ܣ௕௔௥
 = Number
y taking the
80ܣ௕௔௥) ×
or R = 6  				ሳል
௕௔௥,௥௘௤௨௜௥௘ௗ
t should be 
will particip
nt in the c
QUS finite 
onnection’s
Path A 
en in the fig
ips-in 
× ܨ௬,௕௔௥௦ 
 of Bars per 
 moment ab
(17 + 19) =
					ሰ				ܯ௦௧௜௥௥௨
= 302017280 =
noted that 
ate in tying
alculations. 
element mo
 design.  The
ure above, tw
line of stirru
out point O
ܯ௦௧௜௥௥௨௣௦
௣௦ = 17280
0.18		ݏݍ. ݅݊
other than th
 the two si
 This effec
deling of th
 figure belo
o path of b
ps 
 in the follo
	 										ሳልሰ				ܯ௦௧௜
ܣ௕௔௥ 
						ܵ݋	#4	ܤ
e stirrups, 
des of the c
t has also b
e connectio
w shows th
reakout exi
wing figure 
௥௥௨௣௦ = 288
ܽݎݏ	ݓ݈݈݅	ܾ݁
the bottom 
rack which
een determ
n and incre
e sketch of t
Path B 
st for this co
it can be wr
0ܴ ܣ௕௔௥ 
	ݑݏ݁݀	݂݋ݎ	
layer of the
 has not be
ined with t
ases the con
he stirrups. 
27
nnection. 
itten: 
ݏݐ݅ݎݎݑ݌ݏ 
 longitudina
en taken int
he advance
servatism o
0 
l 
o 
d 
f 
271 
4. Shear resistance of the connection 
For the anchor rod shear design the publication by Drake and Elkin (1999) may be 
used if a regular base plate connection is used. 
For the selected connection type the publication by Wan-Shin and Hyun-Do (2006) 
may be used. 
The bearing strength of steel coupling beam–concrete slab connections can be 
determined as the following equation.  For the demand, the maximum shear capacity of 
the W10×49 is considered. 
௡ܸ = 0.85 ௖݂ᇱ × ߚଵܥ × ܾ = 0.85 × 5.0 × 0.85 × 5 × 10 = 180.6	ܭ݅݌ݏ 
∅ ௡ܸ = 0.9 × 180.6 = 162.5	݇݅݌ݏ ≅ (9.99 × 0.34 × 50) = 170	݇݅݌ݏ								ܱܭ 
5. Connection of the base plate and W10×49 small pile 
The Steel Construction Manual (AISC) is used to design this part of the connection. 
Chapter J, Design of connections, from the AISC manual is used here. 
This connection can be designed for the full capacity of the steel member (as 
described below) or for the demand determined from the structural analysis. 
Mn = Mp = Fy Zx = 50.0 × 60.4 = 3020 kips-in 
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The minimum size of the fillet weld according to Table J2.4 of AISC manual is: 
Flange thickness = 0.560 in > ½ in  Î  ¼ in 
Web thickness = 0.340 in is between ¼ in and ½ in   Î 3/16 in 
The maximum size of fillet weld for edge welds is the thickness of the material being 
welded minus 1/16 in (when the thickness of the material is equal or more than ¼ in). 
ܴ௡ = ܨ௪ܴ௪ = ܨ௪(ܮ௪,௘௙௙ × ݐ௪,௘௙௙) 
Table J2.5 prescribes φ=0.75 for shear of fillet welds and Fw = 0.60Fexx 
If 70 ksi electrods are used: 
ܴ௡݌݁ݎ	݅݊ܿℎ	݈݁݊݃ݐℎ	݋݂	ݓ݈݁݀ = (0.60 × 70) × (1 × 0.707ܽ) = 29.694ܽ 
Flange maximum force Freq. flange,weld = (10×0.560) × 50 = 280 kips 
0.75 × 29.694 a × leff,w = 280   Î   a × l = 12.6 sq.in 
For Flanges: Weld size of a = 0.75” >0.56-1/16=0.4975  Î   lreq.,w = 16.8 in (for 
each flange) 
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Compressive stress in the approach slab = E.ε = 4069.6 × 103 × 0.00055 = 2238 psi 
As can be seen this value is very close the stress determined from the SAP2000 
analysis. 
5.7.5. Secondary slab 
The secondary slab is designed like a strip footing supporting multiple columns. 
Both the transition slab and the secondary slab shall be designed for the bending 
moment exerted from the small piles to the slabs.  The secondary slab shall also be 
designed for the bending moment due to the soil pressure underneath.  The transition slab 
shall also be designed for the design truck axle load exerted at the mid-span of the small 
piles. 
Both slabs shall be designed for two-way (Punching shear) and one-way shear.  The 
design for two-way shear is described in the connection design section. 
- Bending moment due to foundation reaction: 
Allowable soil bearing pressure at the 5 ft depth = 5000 psf 
Allowable net soil pressure = Allowable soil bearing pressure – weight of the footing 
For this problem, the weight of soil on the secondary slab, the weight of the 
transition and secondary slabs, and the weight of the design live load (HL93 truck load) 
shall be considered in determining the allowable net soil pressure. 
Allowable net soil pressure = 5.0 – (2×0.150 + 4×0.120 + ଻ଶ଼×ଷ଴ +
଴.଺ସ
଼ ) = 3.84 ksf 
ܵ݋݈݅	ܤ݁ܽݎ݅݊	ܣݎ݁ܽ	ܴ݁ݍݑ݅ݎ݁݀
= 0.64 × 50 + 2 × 72 + 0.150(50 × 47 × 2) + 0.120(50 × 47 × 4)3.84
= 523	ݏݍ. ݂ݐ. 
Actual area of the slabs = 50 × 47 = 2350  sq.ft. > 523 sq.ft.  OK 
Factored net pressure = qnu = ଵ.ସ൫଴.ଵହ଴(ହ଴×ସ଻×ଶ)ା଴.ଵଶ଴(ହ଴×ସ଻×ସ)൯ାଵ.଻×(ଶ×଻ଶା଴.଺ସ×ହ଴)ଶଷହ଴  
= 1.22		݇ݏ݂ 
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w = qnu × width = 1.22 × 47 = 57.34 k/ft 
This uniform load is applied to the secondary slab as a multi-span beam. 
Since there are multiple middle equal spans it can be assumed the moment due to a 
uniform load is very close to the fixed-end-moments (Figure below); 
ܯ௨ =
ݓ݈ଶ
12 = 57.34 ×
4ଶ
12 = 76.45				݇ − ݂ݐ 
For the end cantilever; 
ܯ௨ =
ݓ݈ଶ
2 = 57.34 ×
2ଶ
2 = 114.68		݇ − ݂ݐ 
- Bending moment exerted from the small piles to the slabs: 
In this structure there are 11 small piles per each row of small piles.  The moment at 
the end of the small piles is shown in Figure 5-18.  This moment is resisted by the two 
sides of the concrete element. 
2 × Mu = 11 × 230.43 = 2534.75 k-ft 
Mu = 1267.37 k-ft 
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Check:   Mu = Max (76.45 , 114.68 , 1267.37) = 1267.37  k-ft 
0.5 % Maximum Reinforcement 
Minimum flexural reinforcement ratio (ACI 10.5.1)  
= 3ඥ ௖݂
ᇱ
௬݂
= 3√500060000 = 0.0035 >
200
݂ݕ = 0.0033					ܱܭ 
ܯ௨
߮ܭ௡ =
ܾ݀ଶ
12000 
ܭ௡ = ௖݂ᇱ߱(1 − 0.59߱) 
߱ = ߩ ௬݂
௖݂ᇱ
		 
For ρ = 0.5 % = 0.005  Î  ω = 0.005 × 60/5 = 0.06 
ܭ௡ = 5000 × 0.06(1 − 0.59 × 0.06) = 289.38 
߮ܭ௡ = 0.9 × 289.38 = 260.442 
1267.37
260.442 =
ܾ݀ଶ
12000 	==> 		ܾ݀
ଶ = 58395 
For slab width b = 47 feet = 564 in  Î  dreq. = 10.1 in  (dprovided = 12-1.8 = 10.2”  
OK) 
Therefore ρ = 0.5 % = 0.005 will be used for the secondary slab on both faces. 
As,req. = ρ	. ܾ݀= 0.005 × (47×12) × 10 = 28.2 sq.in. for the width of the slab 
#6 bars @ 8” will be used.  (Provided steel = 30.8 sq.in) 
- One way shear: 
One was shear is critical at distance d from the face of the column; 
w = 57.34 k/ft  Î  Vu = 57.34 × (2 – 16/12) = 38.23  kips 
߮ ௖ܸ = 0.85 × 2√5000 × (12 × 47) × 9.8 × 10ିଷ = 664	4		݇݅݌ݏ > 	 ௨ܸ					ܱܭ 
277 
5.7.6. Small piles 
The Steel Construction Manual (AISC) is used to design the small pile as a steel 
member. 
1. Shear 
Chapter G, Design of members for Shear, from the AISC manual is used here. 
According to Section G2.1a provisions; 
Vn = 0.6FyAwCv = 0.6 × 50.0 × (10.0×0.34) × 1.0 = 102 kips 
ϕv = 1.0 
ϕv Vn = 1.0 × 102 = 102 kips > 91.8 kips (from 0(b))   OK 
2. Bending 
Chapter F, Design of members for Flexure, from the AISC manual is used here. 
According to Section F2.1 (Yielding); 
Mn = Mp = Fy Zx = 50.0 × 60.4 = 3020 kips-in 
ϕb Mn = 0.90 × 3020 = 2718 kips ≈ 2760 kips (from 0(a))  OK 
According to Section F2.2 (Lateral Torsional Buckling); 
ܮ௣ = 1.76ݎ௬ඨ
ܧ
ܨ௬ = 1.76 × 2.54 ×
ඨ2.9 × 10଻50000 = 108	݅݊ > 	ܮ௕ = 48	݅݊ 
The limit state of lateral-torsional buckling does not apply. 
5.7.7. Cracked section analysis 
The ACI Report 224.2R-92 (1997) gives the maximum probable crack width in a 
fully cracked member from the following equation. 
33
max 1010.0 AdfW cs
−×=  
In which dc is the distance from center of bar to extreme tension fiber (in.), S is the 
bar spacing (in.), and fs is the service stress in the reinforcement (ksi) which for normal 
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02738.0
18)1247(
0.278
=
××
=ρ
 
For the transition slab that is 12 inches thick; 
04108.0
12)1247(
0.278
=
××
=ρ  
The ACI Report 224.2R-92 (1997) suggests the following equation for the direct 
tensile strength of the concrete. 
[ ] [ ] psi  281500014533.0. 2121 =×=′=′ cctt fwgf  
(For a concrete with psi 5000=′cf  the unit weight can be determined from 
pcf  145kcf  145.05001.014.0001.014.0 ==×+=′+= cc fγ  and the modulus of 
elasticity can be determined from 
ksi 40740.5145.00.13300033000 5.15.11 =×××=′= ccc fKE γ  and 
7
10074.4
1029
6
6
=
×
×
=n .) 
The stress in the reinforcing bars after the crack occurs can be determined as follows 
(ACI Committee Report 224.2R-92.) 
For the approach slab; 
ksi  11.948psi  1194871
02738.0
128111, ==⎟⎠
⎞⎜⎝
⎛
+−=⎟⎟⎠
⎞⎜⎜⎝
⎛
+−′=′ nff tlcrs ρ  
For the transition slab; 
ksi  8.527psi  852771
04108.0
128111, ==⎟⎠
⎞⎜⎝
⎛
+−=⎟⎟⎠
⎞⎜⎜⎝
⎛
+−′=′ nff tlcrs ρ  
The axial load that causes first cracking in the axially tensioned member for 
approach slab; 
kips  208.3321, =×′= scrscr AfP  
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The axial load that causes first cracking in the axially tensioned member for 
transition slab; 
kips  355.2370, =×′= scrscr AfP  
The average strain in the tensile member can be calculated from the CEB Model 
Code; 
ovideds
s A
Pf
Pr,
=
 
ksif s        977.360.278
10279
==
 
001275.0
29000
977.36
===
s
s
s E
f
ε
 
For the approach slab;
 
0012085.0
977.36
948.115.01001275.01
22
,
=
⎥⎥⎦
⎤
⎢⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛
−=⎥⎥⎦
⎤
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⎡
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⎞
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⎛
−=
s
crs
sm f
f
kεε  
For the approach slab;
 
0012412.0
977.36
527.85.01001275.01
22
,
=
⎥⎥⎦
⎤
⎢⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛
−=⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
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⎛
−=
s
crs
sm f
f
kεε  
The effective modulus of elasticity of steel bars for the approach slab; 
ksi  10597.30
1
3
2
,
×=
⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
=
s
crc
s
sm
f
f
k
EE
 
The effective modulus of elasticity of steel bars for the transition slab; 
ksi  10792.29
1
3
2
,
×=
⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
=
s
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s
sm
f
f
k
EE  
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This average strain in the tensile member, mε , can be used to evaluate the elongation 
of the member due to the applied tensile load.  The effective axial cross-sectional 
stiffness of the tensile concrete member can now be written as; 
( ) ssmeff AEEA =  
The figures below show the calculations for approach slab and a part of the transition 
slab (first segment) for the first iteration. 
The determined modification factor is applied to the SAP2000 model and the model 
is re-run. 
This will be done for the three other segments. 
Section (distance from the 
bridge CL, feet) Force (kips) 
Steel Area 
(sq.in) 
Modification Factor
(1st iteration) 
120  10279 270 : #10@5” 0.2056 
136 10279 270 : #10@5” 0.3003 
148 7805 205 : #8@5” 0.2458 
160 5622 148 : #7@5” 0.2034 
172 3039 80 : #6@6” 0.1361 
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Section (distance from the 
bridge CL, feet) Force (kips) 
Steel Area 
(sq.in) 
Modification Factor
(2nd iteration) 
120  7478 197 : #8@5” 0.1730 
136 7478 197 : #8@5” 0.2467 
148 4872 128 : #8@7” 0.1577 
160 3239 85 : #6@6” 0.1314 
172 1678 44 : #6@10” 0.1557 
 
Section (distance from the 
bridge CL, feet) Force (kips) 
Steel Area 
(sq.in) 
Modification Factor
(3rd iteration) 
120  6909 181 : #8@5” 0.1761 
136 6909 181 : #8@5” 0.2488 
148 4149 109 : #8@7” 0.1643 
160 2636 69 : #6@6” 0.1512 
172 1399 37 : #6@10” 1.0000 
 
Section (distance from the 
bridge CL, feet) Force (kips) 
Steel Area 
(sq.in) 
Modification Factor
(4th iteration) 
120  6988 184 : #8@5” 0.1756 
136 6988 184 : #8@5” 0.2485 
148 4286 113 : #8@7” 0.1627 
160 2820 75 : #6@6” 0.1431 
172 1594 42 : #6@10” 0.2065 
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Section (distance from the 
bridge CL, feet) Force (kips) 
Steel Area 
(sq.in) 
Modification Factor
(5th iteration) 
120  6959 184 : #8@5” 0.1758 
136 6959 184 : #8@5” 0.2486 
148 4226 112 : #8@7” 0.1634 
160 2728 72 : #6@6” 0.1468 
172 1474 39 : #6@10” 0.4768 
As can be seen in the tables above, in the 5th iteration the axial forces and the 
modification factors have converged so the last table (5th iteration) is the design of the 
transition and approach slab. 
Final Design: 
Segment length (distance from 
the bridge CL, feet) Steel Area (sq.in) Condition 
Percent 
Reinforcement 
(relative to 
Approach Slab) 
120 (Approach Slab) -136 184 : #8@5” Cracked 100 % 
136 – 148 184 : #8@5” Cracked 100 % 
148 – 160 112 : #8@7” Cracked 61 % 
160 – 172 72 : #6@6” Cracked 39 % 
172 -186 39 : #6@10” Cracked 21 % 
Figure 5-20 shows the horizontal displacement along the length of the bridge deck, 
approach slab, and the 50 ft long transition slab due to -100 °F temperature reduction for 
the designed seamless bridge system.  Figure 5-21 compares of the horizontal 
displacements along the length of the bridge deck, approach slab, and the 50 ft long 
transi
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Chapter 6.         
Life Cycle Cost Analysis- Prototype Bridge 
6.1. Scope 
This chapter explains the life cycle cost analysis for the proposed seamless bridge 
and roadway system.  Bridge life cycle cost analysis (BLCCA) concepts are briefly 
explained.  An estimation of the construction costs for the prototype bridge structure as 
designed is presented in which three alternatives are considered; Alternative A is the 
conventional prototype steel bridge, and alternative B is the prototype bridge with the 
proposed seamless bridge and roadway system with the secondary slab, as designed in 
Chapter 5.  Alternative C is the prototype bridge with seamless transition slab and no 
secondary slab as explained in Appendix A.  Life cycle cost analyses are carried out for 
all three alternatives and at the end the alternatives have been compared.  NCHRP Report 
483 (HUGH HAWK 2003) was used to develop this chapter. 
6.2. Life-cycle Cost Analysis (LCCA) Defined 
Life Cycle Cost Analysis (LCCA) is an economic analysis procedure that uses 
engineering inputs to determine a project’s cost over its service life, compares competing 
alternatives considering all significant costs, and expresses results in equivalent dollars 
(present worth).  Figure 6-1 shows the sketch of a bridge project’s life cycles costs. 
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decades and sometimes even centuries after the initial construction was completed but the 
predicted costs should also be incorporated in the BLCCA. 
“LCCA is a set of economic principles and computational procedures for comparing 
initial and future costs to achieve the most economical strategy for ensuring that a bridge 
will provide the services for which it was intended.” (HUGH HAWK 2003) 
After the BLCCA is carried out and the life cycle costs for each bridge alternative 
are known, the bridge alternative that results in the most efficient use of resources (public 
funds and time) than other alternatives will be selected. 
In LCCA computations, revenue such as toll receipts, savings such as reduced 
maintenance spending enabled by more durable materials, and benefits such as users’ 
time saved by avoiding lane closures are simply costs with negative values.  In LCCA the 
total economic worth of a project is determined by analyzing initial costs and discounted 
future cost, such as maintenance, reconstruction, rehabilitation, restoring, and resurfacing 
costs, over the life of the project segment. 
Benefit cost analysis (BCA) targets life cycles costs beyond the current and future 
costs of the structure.  BCA includes costs associated with the project’s user benefits such 
as ride quality and delays.  Because of ambiguities in benefit definitions and benefit-cost 
ratio, some analysts recommend that this metric should not be used; the net present value 
of benefits and costs, they say, is the only completely reliable indicator of efficiency. 
6.3. Uncertainty in BLCCA 
Bridge life cycle cost analysis is carried out using estimates of current and future 
actions taken to manage and maintain a bridge and the costs of those actions.  The costs 
of these actions are uncertain and can significantly vary from the future actual costs.  
Even extreme events such as earthquake the analysis rely on the uncertain estimates.  
Two main approaches can be taken to mitigate this issue: deterministic approach, and 
stochastic approach. 
In the deterministic approach cost estimates are initially determined regardless of the 
variability.  A single set of estimated costs and deterioration rates are used to compute a 
single estimated life-cycle cost for a particular bridge.  After this estimate is made, the 
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BLCCA to calculate the equivalent worth of economic resources used or received now or 
in the future.  The relationship between the amount of a future expenditure and its 
equivalent present worth or value is then calculated using the discount rate [DR]: 
ܸܲ = ܨ ேܸ/(1 + ܦܴ)ே
 
Eq. 6-1 
Where 
PV = present value of the expenditure 
FVN = future value of an expenditure made at time N 
N  = # of periods (generally years) between the present and future times 
6.6. Construction cost estimate for the prototype bridge 
 Table 6-1 is a cost estimate for construction of two transition systems with 
secondary slabs on either sides of the prototype example bridge.  The unit costs are to the 
most part taken from the experimental program expenses.  It should be noted that in a real 
life bridge project the unit costs can be lower than this table values due to the larger 
amount that each item is used in a real life bridge project compared to the experimental 
setup. 
 Table 6-1- Construction cost estimate for two 50 ft transition systems with secondary slab 
 
Table 6-2 is a cost estimate for construction of two 2800 feet long transition slabs 
with no secondary slab on either sides of the prototype example bridge. 
Unit 
Cost ($)
Unit Quantity Total Cost
100 Cubic yd 173.61 17361
100 Cubic yd 173.61 17361
1500 ton 18.6 27900
1500 ton 5.8 8700
Small Piles 450 # 286 128700
18 Cubic yd 694 12500
5 Sq. ft 681 3406
50 Cubic ft 694 34722
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So construction of two transition systems for the example bridge will increase the 
cost of the bridge by about 5 to 13 percent.  If the example bridge requires steel piling for 
the abutments, the cost of the bridge will be closer to the higher end of this range and as 
the result, the seamless system’s extra cost will be closer to the 5%. 
On the other hand, the seamless bridge system will eliminate the need of the piling 
and joints for the bridge and this cost reduction should also be taken into account in the 
cost analysis of the transition system.  A bridge contractor will probably construct the 
transition system at a significantly lower price than the amount spent to construct it in the 
university laboratory because the contractor has their own fabrication shop and other 
equipment so they will not have to send the small piles to fabrication shop or they will 
not have to rent equipment.  Plus, making a larger size transition system will reduce the 
construction costs. 
6.7. Prototype Bridge Life Cycle Cost Analysis 
The selection of a bridge system is typically based on the lowest total life cycle cost 
over the entire bridge life.  The new “seamless bridge and roadway system” has been 
proposed, which is expected to offer extended service life, better ride quality, removal of 
bridge joints, and better seismic performance than the “conventional” designs.  Three 
alternatives are defined for analysis: 
A. Conventional steel bridge design with joints at the end and no transition 
slab; 
B. Steel bridge with seamless deck and roadway system 
C. Steel bridge with seamless transition slab and no secondary slab 
Traffic volume upon opening is projected to be 3,500 vpd (vehicles per day) with 15 
percent trucks.  The traffic growth is assumed 1.5 percent annually.  It is assumed that 
peak-hour traffic is 15% of the average daily traffic and 60% of the peak-hour traffic 
travels in the peak direction.  Therefore, the maximum demand is 315 vph/lane 
(3500×0.15×0.60).  The capacity of a single travel lane is 1,320 vph/lane.  In the event 
that the bridge is not available to traffic, the shortest detour route will add 20 miles to the 
average trip of bridge users. 
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Agency policy requires that an 80-year analysis period should be used for decisions 
involving new construction. Agency policy also specifies that inflation should generally 
be neglected and a “real” discount rate of 6 percent should be used in the analysis. The 
agency’s legislative liaison staff recommend estimate a 40% probability that the increase 
in legal load limits will occur; if it does, the new limit will become effective 
approximately ten years in the future. 
6.7.1. Alternative A; Conventional steel bridge design with 
joints at the end and no transition slab 
Agency costs 
As mentioned earlier, the total bridge cost is calculated between $1,917,600 and 
$4,794,000.  It is assumed that agency costs studies and design work prior to construction 
will cost $200,000.  The estimate is judged to be relatively reliable, so no probability 
values will be assigned; i.e, the probability that these costs will be $200,000 is assumed 
to be 100 percent. 
A value close to average is assumed for the bridge construction cost.  Since the main 
objective of this chapter is to draw a comparison between the new and conventional 
systems, this assumption will not affect the final assessment.  So the construction cost is 
estimated at $3,500,000 total, including final design work; construction is scheduled to 
take two years following a one-year final design period. It should be noted that initial 
costs for an alternative are often the largest cost component in the total life cycle cost 
since they receive the least discounting and thus their estimate and distribution in time 
can be very important. For simplicity, the cost is assumed to be paid half in year 2 and 
half in year 3. This alternative would open for service at the start of year 4. Because this 
is a new bridge, to be constructed under “greenfield” conditions and with minimum need 
to work within existing roadways, user costs are neglected, e.g., for traffic delays, during 
construction. 
Using the basic one-time-event discounting equation, the present value of the best 
estimate of construction cost is 
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ܸܲ = $1,750,000(1.06)ଶ +
$1,750,000
(1.06)ଷ = $3,026,828 
Eq. 6-2 
However, competition among bidders, changes in material prices, or other cost 
variances could influence the final construction cost, so the cost will be treated as 
uncertain: 
Contract/final 
cost 
10% below 
estimate 
At estimate of 
$3,500,000 
10% above 
estimate 
20% above 
estimate 
PV of cost $2,724,145 $3,026,828 $3,329,510 $3,632,193 
Probability 0.10 0.60 0.20 0.10 
The expected value of the final construction cost discounted to time zero can be 
calculated as, 
ܧܸ0 = $2,724,145 × 0.10 + $3,026,828 × 0.60 + $3,329,510 × 0.20 
+$3,632,193 = $3,117,632 
The expected value is generally a better value to use than the best estimate since it 
reflects the “average” or mean cost rather than the median cost.  In general, uncertain 
costs can be represented by a distribution that is skewed to the left: i.e., there is more cost 
uncertainty to the up-side that to the down-side. 
If uncertainty was included in the analysis, the individual PVs and probabilities 
would be used instead of the expected value. 
It is assumed that the bridge is inspected every two years at a cost of $1,000 per 
occurrence. This can be treated as a uniform annual payment of $500 per year for 100 
years using the standard uniform-annual payment formula. 
଼ܸܲ ଴ = $500 ×
ሾ1.06଼଴ − 1ሿ
ሾ0.06 × 1.06଼଴ሿ = $8,255 
However, the inspections will not start until year 6, two years following the 
completion of construction.  The present value of the first four payments is then deducted 
(i.e., $500 are accrued in years 5 and 6 for the first inspection): 
ܲ ସܸ = $500 ×
ሾ1.06ସ − 1ሿ
ሾ0.06 × 1.06ସሿ = $1,733 
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The estimated present value of inspections then is $8,255 - $1,733 = $6,522; this 
number will be considered relatively certain. 
This is a steel bridge and will require periodic repainting.  It is assumed these 
painting projects can be carried out from beneath the bridge and do not involve any 
disruption to traffic; i.e., there are no painting-related user costs. 
The likely agency cost is uncertain, as repainting methods could reduce future 
repainting costs and new paints may last longer; on the other hand, environmental 
regulations may become more stringent. To model these uncertainties individually would 
be excessive for hand calculation, so simplifying assumptions are made: the paint-job’s 
service life is estimated to be 15 years, with a 10% chance of being only 12 years and a 
20% chance of being 18 years; estimated cost is $150,000, with a 20% chance of being 
20% less and a 20% chance of being 30% more. The following table summarizes these 
assumptions. 
Service life 12 years 15 years (best est.) 18 years 
Probability 0.10 0.70 0.20 
Cost $120,000 $150,000 $195,000 
Probability 0.20 0.60 0.20 
Expected cost 0.20×$120,000 + 0.60×$150,000 +0.20×$195,000  =  $153,000 
The best estimate is that repainting will be required in years 15, 30, 45, 60, and 75. 
The best estimate of the expected present value of repainting costs is then computed as 
ܲ ாܸ =
$153,000
1.06ଵହ + ⋯+
$153,000
1.06଻ହ = $108,169 
This can be considered the median value. If it is assumed that costs and timing are 
independent, a better value can be calculated by considering all possible combinations. 
Another recurring maintenance item will be replacing the asphaltic deck overlay 
every 10 years. Assuming that the overlay costs $4/sq.ft to replace and that the deck area 
is 11280 sq.ft, the cost of each replacement overlay is $45120.  It is assumed the timing 
and cost are not uncertain; the present value of overlay costs is then 
ܸܲ = $45120 × (1.06ିଵଶ + 1.06ିଶଶ + 1.06ିଷଶ + 1.06ିସଶ + 1.06ିହଶ + 
1.06−62 + 1.06−72) = $49,917 
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Another recurring maintenance item will be replacing/repairing the bridge joints 
every 16 years. Assuming that the total joint replacement/repair costs for the two joints 
on either ends of the bridge is $20,000 (about $213/ft).  The timing and cost are assumed 
not uncertain; the present value of joint replacement/repair costs is then 
ܸܲ = $20,000 × (1.06ିଵ଺ + 1.06ିଷଶ + 1.06ିସ଼ + 1.06ି଺ସ) = $12,672 
Another recurring maintenance item will be replacing/repairing the bridge bearings 
every once in the life of the bridge (if it is assumed that elastomeric bearing is used for 
the bearings, the bearing life will most likely be about half of the structure’s life).  
Assuming that the total bearing replacement/repair costs is $50,000 and that the timing 
and cost are not uncertain; the present value of joint replacement/repair costs is then 
ܸܲ = $50,000 × (1.06ିସ଴) = $4,861 
The table summarizes the agency costs estimated for Alternative A. The expected 
present value of agency costs is approximately ACA = $3,499,774. 
Alternative A 
Cost item Timing 
Best estimate cost 
($) Expected PV ($) 
Plans and studies Year 0 200,000 200,000 
Design and 
construction Years 1-2 3,500,000 3,117,632 
Inspection Every 2nd year in service 1,000 per inspection 6,522 
Painting 12 to 18 year in service 153,000 per project 108,169 
Deck overlay 
replacement 10 year intervals 45,120 49,917 
Bridge joints 
replacement/repair 16 year intervals 20,000 12,672 
Bridge bearing 
replacement/repair 
One at half of 
structure’s life 50,000 4,861 
Total agency cost for 
Alternative A   3,499,774 
User costs 
Deck overlay 
The deck-overlay replacements will clearly produce traffic delays and road-user 
costs.  Assume that one lane of the two-lane bridge will be closed to traffic for a 5-day 
302 
period each time the deck is resurfaced. Using the Highway Capacity Manual, the one-
lane capacity is estimated to be 1,340 vph, which is not expected to be exceeded until 
after year 80.  It can be assumed that until that time delays are incurred only during 
periods when both lanes are blocked, which is estimated to occur 6 times each day during 
replacement, for approximately 30 minutes each time. 
Assume that hourly traffic demand during closures is 6% of ADT, equal to 210 vph 
initially and grown to 240 in year 12.  During the closure, vehicles form a queue that are 
estimated to become clear at a rate of 2 veh/min (average delay is 0.50 min/veh) once the 
lane is reopened.  The number of vehicles delayed in each direction is then estimated to 
be approximately 40 per closure, or 240 vehicles total per day.  Over the 5-day 
reconstruction period, the total delayed vehicles are 1,200 in year 12. The number will 
increase proportionally to total traffic volume. 
It is estimated the unit time costs of delay, including both time and vehicle-operating 
cost, to be $25.00/hour for trucks and $5.00/hour for other vehicles. With trucks 
accounting for 15% of the traffic stream, the best estimate unit cost is computed as 
$25×0.15 + $5×0.85 = $8.00/hr. 
User costs associated with the first resurfacing (at year 12) are then calculated as 
ܷܥ = (ݒ݁ℎ݈݅ܿ݁ݏ	݈݀݁ܽݕ݁݀) × (ܽݒ݁ݎܽ݃݁	݈݀݁ܽݕ) × (ܿ݋ݏݐ	݌݁ݎ	ݑ݊݅ݐ	݈݀݁ܽݕ	ݐ݅݉݁) 
ܷܥ12 = 1,200 × 0.50 × $8.00 = $4,800 
This cost will increase proportionally to traffic levels in subsequent years when the 
deck overlay is replaced. Total discounted expected user cost is calculated as 
ܸܲሾܷܥ்ሿ = (4,800 × 1.06ିଵଶ) + (5,571 × 1.06ିଶଶ) + (8,465 × 1.06ିଷଶ) 
ቀ7,503 × 1.06−42ቁ + ቀ8,707 × 1.06−52ቁ + ቀ10,105 × 1.06−62ቁ 
(11,727 × 1.06ି଻ଶ) = $6,452 
Strengthening 
If the legal load limit is increased, some trucks will have to be diverted or the bridge 
will have to be strengthened. If the increase occurs in year 10 and it is assumed that 20% 
of future truck traffic will have to be diverted over a 20 miles detour, then the number of 
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equivalent vehicles diverted during the remaining analysis period will be potentially 
substantial: 
ℎ݁ܽݒݕ	ݐݎݑܿ݇ݏ = 365 × 3,500 × 15%× 20% × (1.015)௡௡ୀଵ଴	௧௢	଼଴  
= 365 × 3,500 × 15% × 20% × (1.015ଵ଴ + 1.015ଵଵ + ⋯1.015଼଴) 
= 365 × 14,590 = 5.325	݈݈݉݅݅݋݊	ݒ݁ℎ݈݅ܿ݁ݏ 
It is estimated the diversion cost will include added travel time of 0.4 hr/veh and 
vehicle operating cost of $1/miles. The unit user cost will then be 
ܷܥ
ݒ݁ℎ	݀݅ݒ݁ݎݐ݁݀ = 0.4ℎݎ ×
$25
ℎݎ + 20݈݉݅݁ݏ ×
$1
݈݉݅݁ = $30		 
The total user cost in each year n is 
ܷܥ݊ = $30 × 365 × 15%× 20%× 3,500 × (1.015)݊ 
Calculated for the years 10 through 80, discounted to their equivalent present value 
and summed, these annual user costs add up to an estimated total user cost of 
$30 × 365 × 0.15 × 0.20 × 3,500 × 1.01510
1.0610
+ $30 × 365 × 0.15 × 0.20 × 3,500 × 1.015
11
1.0611  
+⋯+ $30 × 365 × 0.15 × 0.20 × 3,500 × 1.015
଼଴
1.06଼଴ = 16,744,242 
ܸܲሾܷܥ்ሿ = $16,744,242 
Alternatively, the agency may choose to strengthen the bridge when the load limit is 
raised.  The total cost of this strengthening are estimated to be $700,000, incurred in year 
11, and that the strengthening will occur only after the load limit requirement is increased 
and that strengthening will take 6 months. The present value of this expenditure is 
$700,000 × 11.06ଵଵ = $368,751 
 In addition, there will be six months of user-diversion cost, in year 11, computed to 
be  
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= $30 × 3652 × 15% × 20%× 3,500 × (1.015)
ଵଵ = $677,173 
and the discounted present value is 
$677,173 × 11.06ଵଵ = $356,726 
Note that even 6 months of diversion costs is about the cost of the strengthening. The 
agency may want to consider strengthening before the load limit is raised. 
It is assumed the agency will choose to strengthen the bridge if the load limit is 
increased and that the strengthening can be accomplished with no major disruption to 
normal traffic using the bridge.  The agency’s legislative liaison estimate of a 40% is 
probability that this increase will be enacted (with the cost of strengthening then 
incurred) to estimate that the expected present value of costs for this action is 
ܣܥ = (0.4 × $368,751) + (0.6 × 0) = $147,500 
ܷܥ = (0.4 × $356,726) + (0.6 × 0) = $142,690 
Joint replacement/repair 
The Alternative A Bridge has at least two joints on either ends of the structure.  
These joints will need periodic replacement/repair through the structure’s life.  It is 
assumed the user costs associated with joints periodic replacement/repair is equal to the 
re-surfing user costs, $6,452. 
Bridge bearing replacement/repair 
Bearing replacement is a major maintenance action during which the bridge has to be 
closed to traffic.  The closure will add a substantial user cost.  If this action is taken at 
year 40, and it is assumed that all traffic will have to be diverted during the repair over a 
20 miles detour, and if it is assumed that the action will take about 5 days, then the 
number of equivalent vehicles diverted during the remaining analysis period will be 
potentially substantial: 
ℎ݁ܽݒݕ	ݐݎݑܿ݇ݏ = 5 × 3,500 × ൫1.01540൯ = 31745	ݒ݁ℎ݈݅ܿ݁ݏ 
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It was estimated the traffic diversion user cost will be $30 per each diverted vehicle.  
The total user cost in each year n is 
ܷܥ40 = $30 × 31745 = $952,360 
Calculated for the year 40, discounted to equivalent present value; 
ܸܲ = $952,3601.0640 = $92,590 
Vulnerability Costs 
The bridge is in a moderate earthquake zone and will be damaged during a severe 
earthquake. It is assumed that this vulnerability is constant throughout the life of the 
structure and is defined as follows: 
Intensity 0-3 4 5 6 7 
Agency cost 0 $2000 $8,000 $200,000 $3,500,000 
User cost 0 $1000 $20,000 $1000,000 $3,500,000 
Probability 0.738 0.20 0.05 0.01 0.002 
Costs vary from a cursory visual inspection at low earthquake intensities to potential 
collapse in a severe earthquake. The annual expected value can be calculated by 
multiplying the costs by the probabilities. 
ܣ݃݁݊ܿݕ	݌݋ݎݐ݅݋݊ = 0.738(0) + 0.20(2000) + 0.05(8,000) + 0.01(200,000) 
+0.002(3,500,000) = $9,800 
ܷݏ݁ݎ	݌݋ݎݐ݅݋݊ = 0.738(0) + 0.20(1000) + 0.05(20,000) + 0.01(1000,000) 
+0.002(3,500,000) = $18,200 
ܧܸ = $9,800 + $18,200 = $28,000 
and using the annual payment formula the present value of the annual vulnerability 
cost of $28,000 is: 
ܸܥ = $28,0000.06 ×
1.06଼଴ − 1
1.06଼଴ = $462,256 
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Residual value 
So far it has implicitly been assumed in the analysis so far that the overall bridge will 
remain safe and serviceable–subject to adequate completion of the inspection and 
maintenance actions included in the management strategy it has been assumed–for the 
entire 80-year analysis period. We further have assumed that the overall condition will 
reach an unacceptable level approximately in year 80. In this case there would be no 
residual value assumed for the structure. 
However, such an assumption may be unreasonable; our experience with the 
deterioration models lead us to estimate that the bridge’s overall condition, as measured 
by the NBI rating, could decline to an unacceptable level (an NBI rating value of 3) as 
early as year 60, requiring a major rehabilitation or replacement. If the bridge must be 
replaced at year 60, the replacement cost is estimated to be similar to initial construction 
plus a significant premium to maintain traffic flow during the reconstruction period.  User 
costs will be insignificant if contract incentives to maintain traffic service levels are used.  
But the agency’s costs would total about $3,900,000, net of any savings on painting and 
deck resurfacing that will be avoided. The new bridge will then almost certainly have a 
service life extending well beyond year 100 total (including the 60 years life of the first 
bridge). 
Assuming deterioration occurs in equal annual decrements in rating index over a 
60-year period, from an initial level of 9 to the unacceptable level of 3, the replacement 
construction cost, incurred in year 60, will be one-third “used up” by year 80, (80-60)/60 
= 1/3. Therefore, it is estimate the value of the bridge in year 80 is two-third of the total 
to be $2,600,000; discounting to present values gives 
$3,900,000
1.0660 = $118,226 
 for the replacement at year 60 
And 
$2,600,000
1.0680 = $24,576 
 Residual Value at 80 years for the new replacement bridge built at year 60 
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The residual value of the bridge in year 100 for the new replacement bridge; 
ቆ1 − 100 − 6060 ቇ × 3,900,000 = 1,300,000 
$1,300,000
1.06100 = $3,831 
On the other hand, the bridge’s overall service life could extend well beyond year 80, 
in which case the condition at year 80 could be rated as acceptable; the rating at year 80 
could be 4. In this case the accumulated wear and aging of the bridge will have 
“consumed” approximately 83% of the original investment in structure, based on the 
change in rating over the 80-year period, (9-4)/(9-3). The “remaining” 17% of the service 
life implies a best-estimate Residual value of 
$3,500,000 × 0.17 ≅ $600,000 at year 80; discounted to its present value, 
this figure is $5,671. 
Now, the same type of calculations can be repeated for year 100.  If the new 
replacement bridge is constructed at year 80, the replacement construction cost, incurred 
in year 80, will be a quarter “used up” by year 100, (100-80)/80 = 1/4.  Therefore, the 
value of the bridge in year 100 is estimated three-quarter of the total to be $2,925,000; 
discounting to present values gives 
$ଶ,ଽଶହ,଴଴଴
ଵ.଴଺భబబ = $8,620 Residual Value at 100 years for the new replacement bridge 
built at year 80 
Still there is a chance that bridge’s overall service life could extend even beyond 
year 100, in which case the condition at year 100 could be rated as acceptable; it can be 
estimated the rating at year 100 could be 4.  Again, the accumulated wear and aging of 
the bridge will have “consumed” approximately 83% of the original investment in 
structure, based on the change in rating over the 80-year period, (9-4)/(9-3). The 
“remaining” 17% of the service life implies a best-estimate Residual value of 
$3,500,000 × 0.17 ≅ $600,000 
at year 100; discounted to its present value, this figure is $1,768. 
308 
 SL = 60 years SL = 80 years SL = 100 years 
SL>100 years 
(NBI rating)100 = 
4 
Replacement, year 
60 $118,226 0 0 0 
Residual value, year 
80 $24,576 0 0 0 
Residual value, year 
100 $3,831 $8,620 0 $1,768 
Probability 0.40 0.50 0.09 0.01 
We estimate the probabilities of the three outcomes, and then compute the expected 
present value of the residual value, RV and the agency costs. 
ܣܥܣ = 0.40 × $118,226 = $47,290 
ܴ ஺ܸ = (0.40 × $3,831) + (0.50 × $8,620) + (0.01 × $1,768) = $5,860 
Total life-cycle cost 
The expected present value of Total Life Cycle Cost (TLCC) of Alternative A, 
“Conventional steel bridge design with joints at the end and no transition slab,” is then 
estimated to be approximately 
TLCCA = $4,399,144: 
Total Life Cycle Cost =  
Agency cost + User cost + Vulnerability Costs – Residual Value = 
(Agency Cost for initial design and construction, overlay, inspection, painting, and 
bearing and joints replacement/repair + Agency cost for Strengthening + Agency cost of 
bridge replacement) 
+ (User Cost for deck overlay + User Cost for strengthening + User Cost for Joint 
Replacement/Repair + User Cost for Bearing Replacement) + Vulnerability Costs – 
Residual Value 
ܶܮܥܥܣ = ܣܥܣ + ܷܥܣ + ܸܥܣ − ܴܸܣ 
= ($3,499,774 + 147,500 + 47290) + (6,452 + 142,690 + 6,452 + 92,590) 
+462,256 − 5,860 = 4,399,144 
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6.7.2. Alternative B; Steel bridge with seamless deck and 
roadway system 
The bridge service life is increased significantly if this alternative is used although 
the initial costs will increase up to 13%.  The actual service life of the new system is 
expected to be very long but for conservatism, it is assumed to be 100 years (for the 
alternative A this value was 80 year).  This alternative will also get rid of some 
maintenance costs over the life of the structure. 
Agency costs 
Studies and design prior to construction are estimated to be 10% higher than the first 
alternative, to be $220,000 and relatively certain (10% higher than the alternative A). As 
mentioned earlier, the recommended seamless system will increase the construction costs 
by about 5 to 13%.  It is assumed that this increase is closer to the higher end (very 
conservatively) to be about 11%.  Therefore, the construction cost is estimated at 
$3,900,000 total, including final design work; construction is scheduled to take two years 
following a one-year final design period.  A greater uncertainty than a conventional steel 
design should be assumed for this case because of its novelty.  However, the final cost of 
bridge construction will be more likely lower than the estimated value.  This is because 
the estimated extra cost for the transition system was determined based on the 
construction cost of the system in the structures lab of the University of 
Nebraska-Lincoln.  A bridge construction contractor will presumably be able to construct 
the system at a significantly lower cost.  Design and construction are estimated to take 
three years with the construction cost distributed equally in years 2 and 3.  
ܸܲ = $1,950,000(1.06)ଶ +
$1,950,000
(1.06)ଷ = $3,372,751 
Again, because this is a new bridge, to be constructed under “greenfield” conditions 
and with minimum need to work within existing roadways, user costs are neglected, e.g., 
for traffic delays, during construction.  And due to competition among bidders, changes 
in material prices, or other cost variances could influence the final construction cost; 
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Contract/final 
cost 
10% below 
estimate 
5% below 
estimate 
At estimate 
of $3,900,000 
5% above 
estimate 
10% above 
estimate 
PV of cost $3,035,476 $3,204,113 $3,372,751 $3,541,388 $3,710,026 
Probability 0.10 0.40 0.30 0.10 0.10 
The computation of present values and expected value of design and construction 
costs is then exactly similar to the computations for Alternative A. The expected value of 
final construction costs is, 
ܧ ଴ܸ = $3,035,476 × 0.10 + $3,204,113 × 0.40 + $3,372,751 × 0.30 
+$3,541,388 × 0.10 + $3,710,026 × 0.10 = $3,322,159 
Similar to Alternative A, it is assumed that the bridge is inspected every two years at 
a cost of $1,000 per occurrence. This can be treated as a uniform annual payment of $500 
per year for 100 years using the standard uniform-annual payment formula. 
ܲ ଵܸ଴଴ = $500 ×
ሾ1.06ଵ଴଴ − 1ሿ
ሾ0.06 × 1.06ଵ଴଴ሿ = $8,309 
However, the inspections will not start until year 6, two years following the 
completion of construction.  The present value of the first four payments is then deducted 
(i.e., $500 are accrued in years 5 and 6 for the first inspection): 
ܲ ସܸ = $500 ×
ሾ1.06ସ − 1ሿ
ሾ0.06 × 1.06ସሿ = $1,733 
The estimated present value of inspections then is $8,309 - $1,733 = $6,576; this 
number is treated relatively certain. 
For the periodic re-painting all calculations are the same as alternative A, except the 
service life is assumed 100 years so the best estimate is that repainting will be required in 
years 15, 30, 45, 60, 75 and 100. The best estimate of the expected present value of 
repainting costs is then computed as 
ܲ ாܸ =
$153,000
1.06ଵହ + ⋯+
$153,000
1.06଻ହ +
$153,000
1.06ଽ଴ = $108,977 
For thee replacing the asphaltic deck overlay every 10 years, likewise alternative A, 
the present value of overlay costs can be determined; 
ܸܲ = $45120 × (1.06ିଵଶ + 1.06ିଶଶ + 1.06ିଷଶ + 1.06ିସଶ + 1.06ିହଶ + 
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1.06ି଺ଶ + 1.06ି଻ଶ+1.06ି଼ଶ + 1.06ିଽଶ) = $50,509 
This bridge does not have any joints so there is no cost for replacing/repairing the 
bridge joints. 
The demand on the bridge bearings is significantly smaller than the alternative A so 
this cost item is not valid for alternative B either. 
The table summarizes the agency costs estimated for Alternative A. The expected 
present value of agency costs is approximately ACB = $3,708,221. 
Alternative B 
Cost item Timing Best estimate cost ($) Expected PV ($) 
Plans and studies Year 0 220,000 220,000 
Design and 
construction Years 1-2 3,900,000 3,322,159 
Inspection Every 2nd year in service 1,000 per inspection 6,576 
Painting 12 to 18 year in service 153,000 per project 108,977 
Deck overlay 
replacement 10 year intervals 45,120 50,509 
Total agency cost for 
Alternative B 
  3,708,221 
So the agency costs for alternative B are slightly higher than the alternative A. 
User costs 
Deck overlay 
The deck-overlay replacement schedule is anticipated to be similar in cost and 
uncertainty to that for Alternative A.  The expected present value of user costs associated 
with these overlays is then; 
ܸܲሾܷܥ்ሿ = (4,800 × 1.06ିଵଶ) + (5,571 × 1.06ିଶଶ) + (8,465 × 1.06ିଷଶ) 
(7,503 × 1.06ିସଶ) + (8,707 × 1.06ିହଶ) + (10,105 × 1.06ି଺ଶ) 
(11,727 × 1.06ି଻ଶ) + (13,603 × 1.06ି଼ଶ) + (15,780 × 1.06ିଽଶ) = $6,641 
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Strengthening 
The issue of truck-diversion versus strengthening the bridge will apply to Alternative 
B as well.  The total cost of strengthening in this case is estimated to be $777,000 (11% 
higher than the alternative A), incurred in year 11. 
This amount is still well below the estimated user costs if the strengthening is not 
done; the agency will probably choose to make the expenditure. The present value of this 
expenditure is $409,314. In addition, as for Alternative A, there will be four months of 
user-diversion cost, computed to be $677,173; the discounted present value is $356,726. 
Using the agency’s legislative liaison estimate of a 40% probability that the load-limit 
increase will be enacted and the cost of strengthening incurred, the expected present 
value of vulnerability cost for Alternative B is 
ܣܥ = (0.4 × $409,314) + (0.6 × 0) = $163,726 
ܷܥ = (0.4 × $356,726) + (0.6 × 0) = $142,690 
Vulnerability Costs 
The bridge is in a moderate earthquake zone and will be damaged during a severe 
earthquake.  However, as mentioned before, this system is an ideal system for seismic 
areas because of its greater redundancy.  So costs are expected to be less than for a 
conventional design.  It is assumed that this vulnerability is constant throughout the life 
of the structure and is defined as follows: 
Intensity 0-3 4 5 6 7 
Agency cost 0 0 0 $50,000 $100,000 
User cost 0 0 $1,000 $100,000 $500,000 
Probability 0.738 0.20 0.05 0.01 0.002 
The annual expected value can be calculated by multiplying the costs by the 
probabilities. 
ܣ݃݁݊ܿݕ	݌݋ݎݐ݅݋݊ = 0.738(0) + 0.20(0) + 0.05(0) + 0.01(50,000) 
+0.002(100,000) = $700 
ܷݏ݁ݎ	݌݋ݎݐ݅݋݊ = 0.738(0) + 0.20(0) + 0.05(1,000) + 0.01(100,000) 
+0.002(500,000) = $2,050 
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ܧܸ = $700 + $2,050 = $2,750 
and using the annual payment formula the present value of the annual vulnerability 
cost of $2,750 is: 
ܸܥ = $2,7500.06 ×
1.06଼଴ − 1
1.06଼଴ = $45,400 
For 100 years; 
ܸܥ = $2,7500.06 ×
1.06ଵ଴଴ − 1
1.06ଵ଴଴ = $45,698 
Residual value 
Alternative B is an extended-life design; it is anticipated the overall bridge will not 
only remain safe and serviceable–subject to adequate completion of the inspection and 
maintenance actions included in the management strategy it has been assumed–for the 
entire 100-year analysis period, but also that the overall condition will be higher than a 
just-acceptable level in year 100. 
Deterioration models included in PONTIS and BRIDGIT are less helpful for unusual 
designs. We rely instead on research studies and the designer’s judgment to estimate that 
the bridge’s overall condition, as measured by the NBI rating, at year 100 be at least 4 or 
possibly 5.  It can be assumed that the bridge will have 17% to 33% anticipated 
“remaining” service life, a best-estimate residual value of approximately $663,000 to 
$1,287,000 at year 100, (1-(9-4)/(9-3)=0.17 to 1-(9-5)/(9-3)=0.33). The probabilities of 
these two outcomes are considered equally likely (50%) and compute the expected 
present value of the residual value, 
ܴ ஻ܸ =
0.50 × $663,000 + 0.50 × 1,287,000
1.06ଵ଴଴ = $2,874 
Total life-cycle cost 
The expected present value of Total Life Cycle Cost (TLCC) of Alternative B, 
“Conventional steel bridge design with joints at the end and no transition slab,” is then 
estimated to be approximately 
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TLCCB = $4,462,569: 
Total Life Cycle Cost =  
Agency cost + User cost + Vulnerability Costs – Residual Value = 
(Agency Cost for initial design and construction, overlay, inspection, and painting + 
Agency cost for Strengthening + Agency cost of replacement) 
+ (User Cost for deck overlay + User Cost for strengthening) + Vulnerability Costs – 
Residual Value 
ܶܮܥܥ஻ = ܣܥ஻ + ܷܥ஻ + ܸܥ஻ − ܴ ஻ܸ 
= ($3,708,221 + 163,726) + (6,641 + 142,690) 
+45,698 − 2,874 = 4,064,102 
6.7.3. Alternative C; Steel bridge with seamless transition slab 
and no secondary slab 
The bridge service life is also increased significantly if this alternative is used.  
However, the construction costs for this alternative are very high.  The actual service life 
of the new system is expected to be very long but for conservatism, it is assumed to be 
100 years (for the alternative A this value was 80 year).  This alternative will also get rid 
of some maintenance costs over the life of the structure. 
Agency costs 
Same as alternative B, studies and design prior to construction are estimated to be 
10% higher than the first alternative, to be $220,000 and relatively certain (10% higher 
than the alternative A).  The construction cost is estimated to be $3,500,000 for the bridge 
and 1,500,000 for the transition to be $5,000,000 including final design work; 
construction is scheduled to take two years following a one-year final design period.  A 
greater uncertainty than a conventional steel design should be assumed for this case 
because of its novelty.  It should be noted that the transition slab is a segment of the 
roadway (about one mile of the roadway is the transition two slabs) so it ought to be 
constructed anyway.  The CRCP transition slab will increase the cost of roadway 
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construction compared to JPCP.  So to have a better estimate of the bridge construction 
cost, it is assumed that CRCP reinforcement is the only cause of higher roadway cost 
(compared to JPCP).  That way the construction cost of the bridge can be assumed to be 
about 4,200,000.  Design and construction are estimated to take three years with the 
construction cost distributed equally in years 2 and 3.  
ܸܲ = $2,100,000(1.06)ଶ +
$2,100,000
(1.06)ଷ = $3,632,193 
Again, the same as before; 
Contract/final 
cost 
10% below 
estimate 
5% below 
estimate 
At estimate 
of $3,900,000 
5% above 
estimate 
10% above 
estimate 
PV of cost $3,268,974 $3,450,583 $3,632,193 $3,813,803 $3,995,412 
Probability 0.10 0.40 0.30 0.10 0.10 
The expected value of final construction costs is, 
ܧ ଴ܸ = $3,577,710 
The inspection cost is the same as alternative B.  The estimated present value of 
inspections then is $6,576; and this number is treated as relatively certain. 
For the periodic re-painting all calculations are the same as alternative B. 
ܸܲ = $50,509 
This bridge does not have any joints so there is no cost for replacing/repairing the 
bridge joints. 
Same as alternative B, the demand on the bridge bearings is significantly smaller 
than the alternative A and this cost item is not valid for alternative C either. 
The table summarizes the agency costs estimated for Alternative A. The expected 
present value of agency costs is approximately ACB = $3,963,772. 
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Alternative B 
Cost item Timing Best estimate cost ($) Expected PV ($) 
Plans and studies Year 0 220,000 220,000 
Design and 
construction Years 1-2 4,200,000 3,577,710 
Inspection Every 2nd year in service 1,000 per inspection 6,576 
Painting 12 to 18 year in service 153,000 per project 108,977 
Deck overlay 
replacement 10 year intervals 45,120 50,509 
Total agency cost for 
Alternative B 
  3,963,772 
So the agency costs for alternative C are slightly higher than both alternatives A and 
B. 
User costs 
Deck overlay 
The deck-overlay replacement schedule is anticipated to be similar in cost and 
uncertainty to that for Alternative B.  The expected present value of user costs associated 
with these overlays is then; 
ܸܲሾܷܥ்ሿ = $6,641 
Strengthening 
The issue of truck-diversion versus strengthening the bridge will apply to Alternative 
B as well. It is estimated the total cost of strengthening in this case will be the same as 
alternative B ($777,000), incurred in year 11. 
ܣܥ = (0.4 × $409,314) + (0.6 × 0) = $163,726 
ܷܥ = (0.4 × $356,726) + (0.6 × 0) = $142,690 
Vulnerability Costs 
Since both alternatives B and C have the same type of structure, this system’s 
vulnerability is also assumed the same as alternative B. 
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ܸܥ = $2,7500.06 ×
1.06ଵ଴଴ − 1
1.06ଵ଴଴ = $45,698 
Residual value 
Alternative C is also an extended-life design; the overall bridge is anticipated to not 
only remain safe and serviceable–subject to adequate completion of the inspection and 
maintenance actions included in the management strategy we have assumed–for the 
entire 100-year analysis period, but also that the overall condition will be higher than a 
just-acceptable level in year 100. 
ܴ ஼ܸ = $2,874 
Total life-cycle cost 
The expected present value of Total Life Cycle Cost (TLCC) of Alternative B, 
“Conventional steel bridge design with joints at the end and no transition slab,” is then 
estimated to be approximately 
TLCCC = $4,319,653: 
Total Life Cycle Cost =  
Agency cost + User cost + Vulnerability Costs – Residual Value = 
(Agency Cost for initial design and construction, overlay, inspection, and painting + 
Agency cost for Strengthening + Agency cost of replacement) 
+ (User Cost for deck overlay + User Cost for strengthening) + Vulnerability Costs – 
Residual Value 
ܶܮܥܥ஻ = ܣܥ஻ + ܷܥ஻ + ܸܥ஻ − ܴ ஻ܸ 
= ($3,963,772 + $163,726) + ($6,641 + $142,690) + $45,698 − $2,874
= $4,319,653 
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6.8. Reviewing the results 
The table summarizes the expected total life-cycle costs of the three alternatives. 
Cost components 
Expected PV of costs 
Alt. A 
Conventional 
system 
Alt. B 
Seamless system w/ 
Secondary Slab 
Alt. C 
Seamless system w/o 
Secondary Slab 
Agency cost (AC) 3,694,564 3,871,947 4,127,498 
User cost (UC) 248,184 149,331 149,331 
Vulnerability cost (VC) 462,256 45,698 45,698 
Residual value (RV, 
credit) 5,860 2,874 2,874 
Expected TLCC, rounded 4,399,144 4,064,102 4,319,653 
As mentioned before, the immediate agency costs, especially the construction costs 
are the most important costs in the BLCCA.  Because their present values is high.  Both 
alternatives B and C and especially alternative C have higher agency costs than 
alternative A. 
Alternative B, the “seamless bridge and roadway system” design, offers the lowest 
total life-cycle cost.  The assumptions are that (1) actual agency costs and construction 
costs in particular, the largest component of TLCC, will be close to their expected values; 
(2) maintenance activities are carried out as specified. 
As mentioned earlier, the agency cost for alternative B has conservatively been taken 
high (11% additional construction cost for the transition system with the secondary slab).  
One of the advantages of the newly proposed system is the reduction of lateral demand 
on the abutment and as the result elimination of need for deep piles at the abutment.  That 
is, the construction cost of the bridge will be significantly lower if piling is not required 
because piling is one of the most expensive cost items in bridge construction. 
It should also be noted that Alternatives B and C offer a better ride quality which 
reduces the user costs (it is a user benefit that has not been taken into account in the 
above-mentioned calculations).  Another superiority of Alternatives B and C to the 
Alternative A is the lesser damage to the substructure due to elimination of leakage to the 
sub-structure elements.  This lesser damage can also reduce the need for periodical 
repainting which results in lesser life-cycle costs.  On the other hand, there is a possibility 
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that no drainage system is required for the bridge as the result of using the alternatives B 
or C which in essence reduces the construction costs. 
Even with the very high initial cost for alternative C, this alternative’s life-cycle-cost 
is still slightly below alternative A. 
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Chapter 7.    
Development of Design Provisions; 
Seamless Bridge System with CRC 
Roadway Pavement 
7.1. Scope 
Analysis, design of a seamless bridge and approach slab system when used with 
CRCP roadway is explained.  The design of the bridge super-structure and transition slab 
is, to the most part, very similar to any other bridge structure.  There are some new 
components and criteria for the system that are not typically encountered in other bridge 
systems. 
7.2. Introduction 
The design procedure consists of determination of the length of the transition slab, 
analysis of the structure and design of the structure’s components.  The analysis and 
design of the structure for tension is an iterative cracked section analysis for a concrete 
member under tension.  The design checks specific to the seamless bridge are the 
transition slab, the small piles, the secondary slab, and the geomaterial used to fill the 
space between the small piles. 
Service limit states are one of the most critical design criteria for the seamless 
bridges (Bridge et al., 2005). 
Relevant pavement design loadings are the longitudinal strains (thermal effects, 
creep and shrinkage) and the out-of-plane effects (due to traffic wheel loads, settlement 
of approach embankments and rotational effects transferred from the bridge deck). 
Design Parameters include the pavement restraint, traffic loads, and settlement of the 
embankment. 
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reinforcing bars, the percentage reinforcement, the bond strength between the bars and 
the concrete strains.  Cracked section analysis shall be carried out in order to determine 
the stiffness of the sections in tension. 
7.3. Determination of the required transition length 
In this section closed form equations will be developed to determine the required 
length for the transition zone when an equal temperature increase is applied to the bridge, 
approach slab and the transition zone.  There are no joints between the bridge deck, 
approach slab, the transition zone, and the CRCP roadway.  The transition zone is defined 
as the region between the approach slab and a section on the CRCP roadway that all 
bridge movements are dissipated through the friction between the road slab and the base 
soil.  In other words, the end of the transition zone is a section on the road slab that will 
not move due to the balance of forces from both sides.  While longitudinal movements 
can take place at any section within the approach slab and transition slab, there can be no 
movement of the section at the interface between the end of the transition slab and the 
CRCP roadway at the end of the transition zone.  The movement along the length of the 
transition zone is δ.  The equations are developed for a generalized case of a straight and 
symmetric bridge, approach slab, and transition slab.  Figure 7-1 shows the simplified 
free body diagram of the bridge system. 
In this figure FB is the thermal horizontal in-plane force in the bridge (constant), FA 
is the thermal horizontal in-plane force in the approach slab, and F0 is the force at the end 
of the transition zone, exerted from the CRCP roadway.  f is the friction force between 
the pavement and the base per unit length of the transition zone.  t is the thickness of the 
pavement. 
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Figure 7-1- Free body diagram of the bridge, approach slab, and the transition zone 
If (EA)T is the axial stiffness of the transition zone (pavement), (EA)B is the axial 
stiffness of the Bridge (considering the bridge deck and girders) , (EA)A is the axial 
stiffness of the approach slab and the behavior of the system is assumed to be 
linear-elastic region, then the required length for the transfer region, LT, can be calculated 
as follows. 
Note the width of the pavement section shown in the figure is unit. 
The force in the transition zone is F0 + f.x 
Since there is no friction between the approach slab and the base soil, the force in the 
approach slab and the bridge can be assumed uniform and equal to F0 + f.LT 
In which LT is the length of the transition zone. 
TABEnd LLLL Δ+Δ+Δ==Δ δ  Eq. 7-1 
Where ΔLB, ΔLB, and ΔLB are the deformations of half of the bridge length, the 
approach slab length, and the transition zone length, respectively. 
The terms in the above equation can be written as follows; 
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LF-TL Δ=Δ αBL  Eq. 7-2 
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The term  f can be determined as follows; 
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Therefore the Eq. 7-5 above can be written as; 
T
2
Tc
T
T0
TT E
L.
2
1-
(EA)
LF
-TL
γμ
α Δ=Δ TL  Eq. 7-6 
The in-plane horizontal force in the bridge and approach slab can be written as; 
ܨ஻ = ܨ஺ = ܨ଴ + ݂. ܮ்
 
Eq. 7-7 
Plugging Eq. 7-2, Eq. 7-3, Eq. 7-5, Eq. 7-6 and Eq. 7-7 into Eq. 7-1, a quadratic 
equation in terms of LT is developed.  In other words, LT (length of the transition slab) is 
the un-known of the quadratic equation and can be determined using the closed form 
solution.  In order to find the location of the end of the transition zone, 
0=Δ+Δ+Δ==Δ TABEnd LLLL δ . 
ܣݔଶ + ܤݔ + ܥ = 0 
ݔ = −ܤ ± √ܤ
ଶ − 4ܣܥ
2ܣ  
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ܣ = −12
ߤߛ௖
ܧ்  Eq. 7-8 
ܤ = −݂ܮ஻(ܧܣ)஻ −
݂ܮ஺
(ܧܣ)஺ −
ܨ଴
(ܧܣ)் +∝் ∆ܶ Eq. 7-9 
ܥ =∝஻ ܮ஻∆ܶ +∝஺ ܮ஺∆ܶ −
ܨ଴ܮ஻
(ܧܣ)஻ −
ܨ଴ܮ஺
(ܧܣ)஺ Eq. 7-10 
ܮ் =
−ܤ − √ܤଶ − 4AC
2ܣ  Eq. 7-11 
Where 
=f friction force between the pavement and the base per unit length of the 
pavement 
For a case with no force at the end of the transition zone, F0 is zero.  Otherwise, the 
value of F0 shall be assumed (to maintain the desired crack pattern or to satisfy other 
design requirements) and the equation can be solved for LT. 
It should be noted that abovementioned calculations are based on an increase in the 
temperature which causes compression in the transition zone.  In the case of the 
temperature reduction that would cause tension in the system, all of the abovementioned 
equations are still valid as long as the slab does not crack.  After cracking, the simplest 
method for solving the problem will be reducing the slabs axial stiffness for a cracked 
member.  In other words, all of the (EA) terms that are related to the axial stiffness of the 
slabs, will be substituted with the reduced effective axial stiffness of the sections (EA)eff.  
The length of the transition zone shall be determined from the compression behavior in 
which the higher stiffness of the system will affect a longer length of the transition zone. 
7.4. Analysis 
The seamless bridge has to be analyzed as a whole system with all other system 
components.  In other words, the bridge structure, the approach slab, and the transition 
slab have to be incorporated in the analysis. 
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7.4.1. Thermal loads 
The determination of thermal loads has been explained in section 5.3 of this 
dissertation. 
7.4.2. Structural analysis 
  The structural analyses shall take into account the effects of longitudinal stiffness 
reduction due to cracking the transition slab in tension (temperature reduction).  The 
iterative structural analysis of the seamless bridge and roadway system in conjunction 
with cracked section analyses consist of the following steps. 
7. Development of the structural analysis model of the entire system consisting of 
the bridge super structure, bridge approach slab, and the transition slab 
8. Application of the temperature increase and the friction forces to the bridge 
system model, analyzing the structure for the forces and determining the 
compressive in-plane forces in the bridge deck, approach and transition slabs 
9. Carrying out cracked section analyses (cracked section analysis will be described 
in the consequent sections) for the approach slab and various segments of the 
transition slab assuming an in-plane tensile force in the sections equal to the 
force obtained from the step 2 and determine the axial stiffness modification 
factors 
10. Modify the axial stiffness of the slab segments based on the cracked section 
analyses (step 3) and analyze the structural model with the modified in-plane 
stiffness obtained in step 3 and with the temperature reduction; determine the 
in-plane axial forces in the system 
11. Check the convergence of the axial forces in all segments of the slabs 
7.4.3. Approach slab and bridge deck 
The design of the approach slab and bridge deck shall be in accordance with the 
AASHTO LRFD Bridge Design Specifications similar to any other bridge projects. 
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Extra reinforcement may be also required in the approach slab for crack control 
purposes under the tensile in-plane forces due to thermal expansion.  The bridge deck 
also has to be checked for cracking. 
The approach slab shall be checked for the compressive stresses developed as the 
result of thermal expansion to avoid concrete crush. 
An approach embankment settlement of 2 in shall be assumed for the seamless 
pavement design. 
The approach slab and the bridge deck shall be checked for the combination traffic 
loads and embankment settlement. 
7.4.4. Transition slab 
The main objectives of transition slab design are the following; 
- Avoid concrete crush in compression (due to thermal expansion) 
- Achieve a uniform cracking pattern with the crack width and spacing in a desired 
range in tension (due to thermal contraction) 
The required length of the transition slab has previously been identified based on the 
required stiffness to effectively control the end movements. 
Reinforcement of the transition slab shall be determined based on cracked section 
analysis under tensile in-plane forces and the conventional design of the CRCP roadway. 
7.5. Transition slab reinforcement 
As mentioned earlier, it is desired that the pavement in the transition zone, develops 
a uniform cracking pattern with a defined maximum crack width throughout its length 
under the tensile stresses.  Therefore, the amount of reinforcement will be reduced over 
the length of the test structure. 
Two factors contribute to the stresses in the transition zone of the seamless bridge; 
truck wheel load, thermal loads (axial loads exerted to the transition zone from the 
bridge). 
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Truck wheel load causes flexural stresses in the pavement that result in cracking.  
Due to the difference between the coefficients of thermal expansion of concrete and 
reinforcing bars, temperature changes will cause cracking in the concrete pavement.  The 
bridge contraction will exert axial tensile forces to the transition zone as well.  This 
contraction will be accommodated via the opening of the transition zone cracks so the 
transition zone reinforcement should be design to limit the crack opening to the desired 
amount to avoid early pavement failures.  The expansion of the bridge will exert axial 
compression forces to the transition zone. 
Two of the abovementioned factors have been addressed in the design procedure for 
CRCP pavements; the truck wheel load, and the thermal effects. 
7.5.1. Cracked section analysis 
Cracked section analysis has been explained before in section 5.6, Cracked section 
analysis. 
7.5.2. Design of the CRCP for truck and thermal forces  
The design of the longitudinal reinforcement in CRCP pavements is governed by the 
following three criteria. 
- Crack Spacing 
This criterion defines spalling for which the maximum crack spacing should not 
exceed 8 ft and punchout for which the crack spacing should not be any smaller than 3.5 
ft.  Figure 7-2 shows the nomograph that can be used to satisfy this criterion (Huang 
2004).  The equation below can also be used to evaluate the needed amount of steel to 
satisfy the crack spacing criterion. 
ܲ =
1.062(1 + ௧݂1000)ଵ.ସହ଻ ቀ1 +
∝௦2 ∝௖ቁ
଴.ଶହ (1 + ∅)଴.ସ଻଺
( തܺ)଴.ଶଵ଻ ቀ1 + ߪ௪1000ቁ
ଵ.ଵଷ (1 + 1000ܼ)଴.ଷ଼ଽ
− 1 Eq. 7-12 
- Crack width 
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Spalling and water infiltration are governed by crack width.  The allowable crack 
width should not exceed 0.04 in.  Figure 7-3 shows the nomograph that can be used to 
satisfy this criterion (Huang 2004).  The equation below can also be used to evaluate the 
needed amount of steel to satisfy the crack width criterion. 
ܲ =
0.358(1 + ௧݂1000)ଵ.ସଷହ(1 + ∅)଴.ସ଼ସ
(ܥܹ)଴.ଶଶ଴ ቀ1 + ߪ௪1000ቁ
ଵ.଴଻ଽ − 1 Eq. 7-13 
- Steel stress 
The tensile stress of the reinforcement should be limited to 75% of the ultimate 
tensile strength of the reinforcing bars.  Figure 7-4 shows the nomograph that can be used 
to satisfy this criterion (Huang 2004).  The equation below can also be used to evaluate 
the needed amount of steel to satisfy the steel stress criterion. 
ܲ = 50.834(1 +
ܦ ஽ܶ100)଴.ଵହହ(1 + ௧݂1000)ଵ.ସଽଷ
(ߪ௦)଴.ଷ଺ହ ቀ1 + ߪ௪1000ቁ
ଵ.ଵସ଺ (1 + 1000ܼ)଴.ଵ଼଴
− 1 Eq. 7-14 
In equations Eq. 7-12 to Eq. 7-14 P represents  the amount of longitudinal steel 
(percent), ft is the indirect concrete tensile strength (psi), αs and αc are the coefficients of 
thermal expansion of steel and concrete respectively, Ø is the bar diameter (in.), X  is the 
crack spacing (ft), wσ  is the tensile stress due to wheel load (psi) developed during the 
initial loading of the constructed pavement by either construction equipment or truck 
traffic, Z is the concrete shrinkage of 28 days (in./in.), CW is the crack width (in.), sσ  is 
the steel stress (psi), and DTD is the design temperature drop (°F). 
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8.0 ft, crack width, and steel stress; the maximum amount Pmax is based solely on a crack 
spacing of 3.5 ft. 
2. If Pmax is less than Pmin, the design is unsatisfactory, and some of the inputs must 
be revised until Pmax is greater than Pmin. 
3. Determine the range in the number of reinforcing bars or wires required by 
2
maxmax
2
minmin
01273.0
01273.0
φ
φ
DWPN
DWPN
s
s
=
=
 Eq. 7-15 
In which Nmin and Nmax are the minimum and maximum number of reinforcing bars 
or wires required, Pmin and Pmax are the minimum and maximum amount of steel in 
percent, Ws is the total width of pavement section in inches, D is the thickness of the 
concrete slab in inches, and φ is the reinforcing bar or wire diameter in inches, which 
may be increased if loss of cross section due to corrosion is foreseen. 
4. Determine the final steel design by selecting the total number of bars or wires N 
such that N is a whole number between Nmin and Nmax.  The appropriateness of the final 
design may be checked by converting N to P and working backward through the design 
charts or by using the equation at the top of each chart to estimate crack spacing, crack 
width, and steel stress.” 
7.6. Design example 
This section provides the design steps for a seamless bridge system.  It should be 
noted that only design aspects specific to the seamless system is explained in this chapter 
and for the other design aspects the contemporary design codes and methods shall be 
used. 
7.6.1. Introduction 
The bridge structure was taken from “LRFD Design Example for Steel Girder 
Superstructure Bridge”, FHWA/National Highway Institute (NHI), 2003. 
Figure 7-6 shows the dimensions of the bridge structure.  The bridge consists of five 
steel girders with 8.5 in. thick slab deck.  An approach slab with 16 ft length and 18 in 
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The followings are the parameter assumptions for the example bridge. 
Coefficient of Friction between the pavement and the base = μ =1.5 
Temperature increase = ΔT = 100 °F 
Bridge Length = LB = 120 ft 
Approach Slab Length = LA =16 ft 
Bridge Width = 46.875 ft 
Bridge Deck Thickness = 8.5 in  Approach Slab Thickness = 18 in 
Transition Zone Thickness = 12 in 
Concrete Compressive Strength = 5000 psi 
Coefficient of Thermal Expansion = α = 5.5 × 10-6 
AASHTO LRFD equations can be used to determine the Modulus of Elasticity of the 
concrete (Ec) to be 4074.281 ksi.  Therefore, n = 7. 
Since the bridge has 5 girders with the cross sectional area of each girder about 62 
sq.in the cross-sectional area of the bridge is as follows. 
AB = 5×62×7 + 46.875×8.5 = 2568.4375 sq.in. 
Cross-sectional area of the approach slab AA = 46.875×18 = 843.75 sq.in. 
Cross-sectional area of the transition slab AT = 46.875×12 = 562.5 sq.in. 
൬ܧܣܮ ൰஻ = 19668		
݇݅݌ݏ
݅݊  
(ܧܣܮ )஺ = 214885			݇݅݌ݏ/݅݊ 
൬ܧܣܮ ൰் = 5728		
݇݅݌ݏ
݅݊  
The value of F0 (force at the end of the transition slab) should be assumed.  This 
value can be assumed based on the stresses that it will develop in the transition slab.  For 
F0 = 12847 kips, the compressive stress of 1900 psi will be developed that is in the 
tolerable range for the compressive strength of the concrete. 
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Plugging the above values in the equations (8) through (10), the following values can 
be determined for the quadratic equation constants, A, B, and C. 
ܣ = −1.8536 × 10ି଻ 
ܤ = 3.5707 × 10ିହ 
ܥ = 0.01538 
Therefore the required length of transition zone to have zero movement at the end of 
the transition zone with 12847 kips force, is LT = 400 ft. 
Figure 7-7 shows the MS Excel spreadsheet developed to determine the required 
length of the transition zone to achieve zero movement at the end of the transition. 
The abovementioned calculations were repeated for various value of F0 (force at the 
end of the transition slab) and the required length of the transition zone to achieve zero 
movement at the end of the transition slab was determined. 
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Figure 7-7- MS Excel spreadsheet developed to determine the required length of the transition zone 
to achieve zero movement at the end of the transition zone 
7.6.3. Parametric study 
Figure 7-8 shows the effect of the temperature change (ΔT) and the tolerable 
movement at the end of transition zone (δ) on the needed transition zone length.  As can 
be seen in this figure, for every temperature change, if the tolerable movement at the end 
of the transition zone becomes equal to the bridge end movement, no transition zone will 
be needed.  The effect of this tolerable movement and the temperature change on the 
needed transition zone length is significant. 
COF, μ 1.5 f'c (psi) 5000
Transition Length (ft) 400 γc (pcf) 145
Temperature Increase (°F) 100 Ec (ksi) 4074.281 Es (ksi) 29000
Mass per 
Unit Volume 4.503 n= 7
Bridge Length (ft) 120 α (/°F) 5.5E-06
Approach Length (ft) 16
Bridge Width (ft) 46.875
Bridge Deck Thickness (in) 8.5
Approach Slab Thickness (in) 18
Transition Slab Thickness (in) 12
Bridge Girder Material Steel
Area of each bridge girder (sq.in.) 62.00
No. of Bridge Girders 5
Equivalent Stiffness of Bridge (EA/L)B 19668 kips/in
Equivalent Stiffness of Approach (EA/L)A 214855 kips/in
Equivalent Stiffness of Transition (EA/L)T 5729 kips/in
Force in Transition at the End = F0 (kips) 12847
Force in Transition at Approach (kips) 13187
Force in Bridge (kips) 13187
δ at the end of the transition slab (in) 0.20747
f 0.849609375 kips/ft
A -1.8536E-07
B 3.56909E-05
C 0.015381231
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Bar diameter = 5/8  in. 
Design temperature drop DTD = 100  ºF 
Ratio of coefficient of thermal expansion = 31.1
108.3
100.5
6
6
=
×
×
−
−
 
Wheel load due to the construction equipment for a 12 in. thick pavement is assumed 
to be quiet small (20000 pounds).  From Figure 7-5 the wheel load tensile stress will be 
170 psi. 
A minimum crack spacing of 2 ft. is assumed as favorable crack spacing for CRCP.  
This minimum spacing reflects the average crack spacing of twice the member thickness 
stated by the ACI Committee 224 Report 2R-92 (1997).  From equation (19), the P will 
be determined as follows. 
ܲ =
1.062(1 + 5001000)ଵ.ସହ଻ ቀ1 +
1.31
2 ቁ
଴.ଶହ
(1 + 58)଴.ସ଻଺
(2)଴.ଶଵ଻ ቀ1 + 1701000ቁ
ଵ.ଵଷ
(1 + 0.4)଴.ଷ଼ଽ
− 1 = 0.732 
And for a maximum crack spacing of 8 ft. it can be written; 
ܲ =
1.062(1 + 5001000)ଵ.ସହ଻ ቀ1 +
1.31
2 ቁ
଴.ଶହ
(1 + 58)଴.ସ଻଺
(8)଴.ଶଵ଻ ቀ1 + 1701000ቁ
ଵ.ଵଷ
(1 + 0.4)଴.ଷ଼ଽ
− 1 = 0.282 
AASHTO LRFD specifies 0.013 in crack width for class 2 exposure condition.  
From equation (20), the amount of P will be determined as follows. 
ܲ =
0.358 ቀ1 + 5001000ቁ
ଵ.ସଷହ
ቀ1 + 58ቁ
଴.ସ଼ସ
(0.013)଴.ଶଶ଴ ቀ1 + 1701000ቁ
ଵ.଴଻ଽ − 1 = 0.778 
The tensile stress of the reinforcement should be limited to 75% of the ultimate 
tensile strength of the reinforcing bars.  This value is taken 60000 psi.  From equation 
(21), P will be determined as follows. 
 
342 
ܲ =
50.834 ቀ1 + 100100ቁ
଴.ଵହହ
ቀ1 + 5001000ቁ
ଵ.ସଽଷ
(60000)଴.ଷ଺ହ ቀ1 + 1701000ቁ
ଵ.ଵସ଺
(1 + 0.4)଴.ଵ଼଴
− 1 = 0.470 
( ) % 778.0470.0,778.0,282.0min == MaxP  
% 732.0=MaxP  
Now from equation (22) the number of bars can be determined as follows. 
162625.0125.562732.001273.0
171625.0125.562778.001273.0
2
max
2
min
=×××=
=×××=
N
N
 
Although Nmin is larger than the NMax but they are close so, 170 no. 5/8 reinforcing 
bars will be used in the 47 ft width of the pavement.  
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Chapter 8.  
Conclusions and Recommendations 
This chapter summarizes the research carried out to develop and implement the idea 
of the seamless bridge system for the U.S. practice.  The conclusions derived from this 
research are presented and suggestions have been made for future research. 
8.1. Summary 
The concept of the seamless bridge system was first developed in Australia to be 
used with continuous pavement type (CRCP) mostly used in the region.  There are 
numerous benefits associated with the concept including very long service life by 
eliminating the joints, very low maintenance costs, prevented leakage of moisture to 
bridge elements below deck, improved ride quality/reduced noise, elimination of bridge 
deck drainage, and elimination of the grade beam.  Another advantage of the seamless 
bridge system is reduced lateral loads on bridge abutments.  Consequently, the bridge 
abutment has to be designed for only the vertical loads from the bridge and the small 
lateral soil pressure.  This makes the system very beneficial in the case of skewed and/or 
curved bridges.  The seismic performance of the new system is also superior to the 
current bridge systems due to more redundancy and better integrity of the structure. 
Modifications had to be made to the proposed Australian system to extend it for the 
United States practice in which CRC pavements are not common and most pavements are 
either flexible or jointed rigid.  In the newly developed system the segment of roadway 
containing the bridge and the proposed seamless transition region is similar in nature to 
continuously reinforced concrete paving. 
A theoretical closed-form solution was developed for the seamless bridge system 
used with continuous roadway type.  The results obtained from the closed-form solution 
for a prototype bridge was compared against the results from SAP2000 analysis.  In this 
section it was shown that very long transition slab lengths are required to dissipate all of 
the bridge and transition slab movements and reach a state of zero force and small end 
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joint movement only via friction.  Therefore, a new transition zone detail was proposed to 
dissipate the bridge movements in a reasonable transition length. 
Next, finite element methods using SAP2000 program were employed for parametric 
study of two prototype bridges to achieve a better understanding of the behavior of the 
new proposed seamless bridge system adapted for the United States Practice.  One of the 
prototype bridges is a bridge with one 70 ft span and the other prototype bridge has two 
120 feet spans. 
The above-mentioned finite element analysis also advanced the base for the 
experimental program.  The experimental program was designed to simulate a segment of 
the transition slab being subjected to multiple cycles of in-plane loading.  The 
effectiveness of the system in transferring the in plane axial loads from the pavement to 
the base soil was studied.  The behavior of the connection of the concrete slab to the steel 
piles was also investigated.  The experimental program also provided a good 
understanding of the effect of the presence of the geomaterial used around the small piles.  
The experimental program consisted of a full scale physical model of a segment from the 
transition zone of a prototype bridge. 
After the completion of the experimental program, finite element models of the 
experiment was developed using ABAQUS and SAP2000 to compare the results of the 
finite element models against the actual test results.  The as-built plans of the 
experimental sample were used to establish the finite element models.  Development of 
the material constitutive models for steel and concrete were explained.  The material 
properties used for the ABAQUS finite element models were developed using the actual 
material tests on the reinforcement, steel from small piles, and concrete samples from top 
and bottom slabs. 
Two chapters are also devoted to the recommended methods of analysis, design and 
construction of a seamless bridge and approach slab system. 
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Life cycle cost analysis for the proposed seamless bridge and roadway systems has 
been carried out.  First, an estimation is made for the construction costs for the three 
alternatives are considered; Alternative A is the conventional prototype steel bridge, and 
alternative B is the prototype bridge with the proposed seamless bridge and roadway 
system with the secondary slab, and Alternative C is the prototype bridge with seamless 
transition slab and no secondary slab as explained in Appendix A.  Life cycle cost 
analyses are carried out for both alternatives. 
At the end, in Appendix A design of a seamless bridge system when no secondary 
slab is used is explained. 
8.2. Conclusions 
The benefits of the seamless bridge system include; 
- Very long service life by eliminating the joints, 
- Very low maintenance costs, 
- Preventing leakage of moisture to bridge elements below deck, 
- Improved ride quality and noise reduction, 
- Elimination of bridge deck drainage, 
- Elimination of the grade beam, 
- Reduced lateral loads on bridge abutments, 
- Ideal for the case of skewed and/or curved bridges, 
- Enhanced seismic performance. 
With the specially detailed reinforcement reduction over the length of the transition 
zone, a controlled crack pattern can be achieved in case the bridge system is in tension 
due to thermal contraction. 
For a seamless bridge system with the transition zone being only a CRC slab laying 
on the base soil, if it is desired to achieve a state of no movement and no force at the end 
joint, it can be shown the required transition length will be long (i.e. the end movements 
cannot be well controlled in a reasonably short length of transition zone by only relying 
on the friction between the pavement and the base)  Hence, the original Australian system 
may not be economical for use with the U.S. practice. 
The idea developed for the U.S. practice for a seamless bridge system is to use 
transition slab is connected to a so called secondary slab via small piles.  In this system 
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the secondary slab is constructed in a couple of feet depth of the base soil and the small 
piles’ ends will be connected to this slab.  In this way, even in the case the soil 
surrounding the small piles getting compacted and not providing any resistance against 
the pile movements, the secondary slab will still be providing the needed effect. 
Cracked section analysis can be utilized to analyze and design system using the 
routine design practice so that complicated analysis tools would not be necessary for 
analyzing the bridge in thermal contraction. 
This seamless bridge system is especially efficient for longer bridges in which the 
horizontal stiffness of the bridge is smaller. 
However, after a certain length, increasing the length of the transition slab with the 
same number of small piles per unit length will not be effective in reduction of the bridge 
system’s end joint movements.  The reduction of the movement of end joint is initially 
rapid but the reduction of movement of end joints will not be as significant after some 
point. 
The following conclusions can be made from the parametric study of various system 
configurations; 
- The axial force in the system increases when the number of small piles in the 
length of the transition zone is increased.  But this increase will not cause 
un-acceptably large in-plane compressive stresses in the system components. 
- The axial force developed in the bridge and transition system is significantly 
larger when the system is in compression compared to when the system is in 
tension.  That is because of the system’s axial stiffness reduction due to 
formation of tensile cracks. 
A small pile-concrete slab connection detail is proposed that offers a very simple 
construction for the transition detail with the secondary slab.  In this detail, a baseplate 
with studs is welded to both ends of the small piles.  For construction, the two baseplates 
with some length of the small pile’s ends will be embedded in the concrete slabs while 
the concrete is being poured.  The thickness of the top and bottom slabs has to be 
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designed so that the small pile-concrete slab connection would fully mobilize the required 
connection moment and shear resistance. 
If the connection is designed correctly, it should be capable of resisting the moment 
and shear exerted from the small piles until the small piles are fully yielded. 
The experimental load-displacement curves for the first and last (5th) cycles of each 
displacement range show the system was stiffer at the first cycle of each displacement 
range than the last cycle of the same displacement range.  On the other hand, the system 
stiffness stabilizes and remains constant for the last cycles of the same displacement 
range.  In other words, the stiffness of the system drops initially as the system is cycled at 
a constant displacement range but then the stiffness remains constant.  This observation is 
very important in designing the system in practice as the stabilized system stiffness shall 
be used for design purposes. 
The experimental results also showed that; 
- Up to the displacement range of 0.10 inch, the first and last cycles follow the 
exact same curve and this shows that no damage has taken place in the specimen 
up to this point. 
- Up to about 0.30 inch displacement, the first cycle and last cycle curves are still 
very close to each other.  Also during the experiment it was observed that except 
the very first cycle of the displacement ranges, all of the curves from subsequent 
cycles follow the exact same curve and no more damage takes place in the 
system.  The stiffness of the system stabilizes within the first cycle. 
- The envelope curve that represents the stabilized stiffness of the system (the last 
cycles’ stiffness) should be used for design purposes.  Also, the secant stiffness 
from this curve is the desired value for the design stiffness of the system. 
The system does not have any abrupt failure.  Instead, the secant stiffness of the 
system decreases gradually. 
Although no cohesion is considered for granular soil material and it is generally 
believed that granular soil will not compact around the small piles, voids develop around 
small piles due to cyclic movements of the small piles. 
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At large displacements (displacements above 1.2 inch in the experiment), the large 
deformation in the system may dislocate the sand and gravel mix enough to lock the 
small piles in the deformed location and cause permanent residual deformations in the 
system.   
For the recommended small pile-slab connection detail, the first micro-cracks occur 
at the interface of the steel beam flanges and the concrete in tension.  The second 
formation of micro-cracks is the separation of the tension side of the base plates from the 
concrete.  These cracks will propagate around the tension areas of the baseplates.  At the 
same time, tension cracks start to develop around the studs connected to the baseplates.  
Other micro-cracks also occur due to the bending moment in the top and bottom slabs.  
These cracks are vertical and they are well controlled via the longitudinal bars so their 
sizes are very small. 
The behavior of the structure system with the proposed small pile-concrete slab 
connection is almost linear under monotonic one directional loading until about 0.50 
inches of displacement.  This behavior is highly non-linear in the case of cyclic loading.  
This is because of the crack propagation and damage accumulation in the concrete slabs 
as the top slab is being pushed and pulled. 
The design process for the seamless bridge system is an iterative process in which 
the initial design of the system will be determined.  With the system configuration 
finalized and the demand in all components determined through the analysis, various 
parts of the system will be designed.  The new system components specific to the 
seamless bridge are the transition slab, the small piles, the secondary slab, and the 
geomaterial used to fill the space between the small piles. 
For the example bridge, construction of two transition systems will increase the cost 
of the bridge by about 5 to 13 percent.  If the example bridge requires steel piling for the 
abutments, the cost of the bridge will be closer to the higher end of this range and as the 
result, the seamless system’s extra cost will be closer to the 5%.  On the other hand, the 
seamless bridge system will eliminate the need of the piling and joints for the bridge and 
this cost reduction should also be taken into account in the cost analysis of the transition 
system. 
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It is very important to achieve the required compaction around the small piles so 
excessive quality control is required during the process of soil compaction for this type of 
the structure.  It is highly recommended that granular material is used in this region 
instead of cohesive soil because of the following reasons. 
- Compaction of granular soils is easier especially in the space between the small 
piles and vibratory plate compactor can be used to achieve a desired compaction 
- The long term settlement of granular soils is smaller than the cohesive soils and 
this reduces the need for future under-filling 
- The very small cohesion of granular material helps it to move easier around the 
small piles and better fill the gaps around the piles caused by pile movements.  
Although the experiment showed that this gap will develop at least in large 
deformations, but the size of this gap would be significantly smaller than the size 
of a gap that will develop around the small piles in the case of cohesive soil is 
used. 
- Granular material is more commonly used by the state DOTs for base and 
sub-base construction 
Although the immediate agency costs, especially the construction costs are higher for 
seamless bridge alternatives, these alternatives offer a lower total life-cycle cost. 
8.3. Suggestions for future research 
Complementary future research on the seamless bridge and roadway system can be 
categorized in three major areas; Study of the general system behavior, Study of the 
system components, and Study of the conection 
8.3.1. Study of the general system behavior 
- Long term monitoring; One of the best methods for studying and verifying the 
effectiveness of the newly developed system is to design, construct, and instrument a 
bridge structure with seamless system.  This bridge structure’s behavior should be 
monitored for multiple years.  Specifically, the end joint movements and its variations 
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with respect to temperature variations should be studied during the structure’s life.  This 
will verify the system remains effective during the life of the structure.  
- Study of the system for seismic areas; as mentioned before, because of its added 
redundancy this system is beneficial for seismic regions.  The seismic performance 
behavior of the system should be investigated. 
- Study of the system for skewed bridges; 
- Study of the system for curved bridges 
- One potentially great idea for enhancing the seamless bridge system’s life even 
further, is the use of asphaltic overlay on the bridge deck and the transition system.  This 
asphaltic overlay will seal the developed cracks and increase the life of the system even 
further. 
8.3.2. Study of the system components 
- Further finite element analysis, parametric study and experiments should be 
carried out on variations of the recommended small pile concrete slab connection detail. 
- New ideas for the connection of the small pile concrete slab can be developed.  A 
very important aspect to be considered is constructability of the connection both for the 
top slab and for the bottom slab.  Since the construction of the connection and small piles 
is the major cost object in the construction of the system the new connections must be 
cost efficient.  Some suggestions for new and easy to construct connection details are 
shown in the following figures.  In these details, high performance concrete (HPC) or 
Ultra high performance concrete (UHPC) are used around the area of the small piles’ 
baseplates.  This block will be tied to the surrounding concrete either via the 
reinforcement (longitudinal and transverse) or via a combination of mechanical concrete 
lock and reinforcement.  Another advantage of use of UHPC around the connection area 
is elimination of stress concentration (singularity) around the connection area.  As it was 
mentioned in section 3.7.2, one of the main causes of the proposed connection failure is 
stress concentration at the small pile-concrete interface.  The UHPC is a very ductile 
material with high strength.  As the result, small deformations of the small pile at the 
small pile-concrete interface will not cause cracking or crush at the interface. 
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Figure 8-1- Small pile-Concrete Slab connection idea for use of high performance concrete (1) 
 
Figure 8-2- Small pile Concrete Slab connection idea for use of high performance concrete (2) 
Another method for eliminating the stress concentration at the small pile-concrete 
interface is using neoprene at the interface.  This idea is shown in Figure 8-4.  Neoprene 
material has high load bearing capacity and long life so it can be a great option to be used 
in the area to reduce singularity. 
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Figure 8-3- Small pile Concrete Slab connection idea for use of high performance concrete (3) 
 
Figure 8-4- Small pile Concrete Slab connection idea-use of rubber or neoprene pads to eliminate the 
stress concentration (singularity) around the small pile flanges 
- Use of High Performance or Ultra-High Performance Concrete for other parts of 
the transition system; for example high performance material can be used in the area of 
end joints to accommodate the small end joint movements. 
- Use of High Performance or Ultra-High Performance Concrete for other parts of 
the transition system; for example high performance material can be used in the area of 
end joints to accommodate the small end joint movements.  
8.3.3. Theoretical and experimental study of the connection 
A good experimental program for the proposed seamless bridge and roadway system 
should consist of: 
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(1) Development of best practices for the small pile-concrete slab connection via detailed 
finite element study of various connection details.  The connection detail should be 
capable of fully mobilize the small pile’s plastic moment capacity, even under cyclic 
loading, without a failure in the connection. 
(2) Conducting experiments on the developed connection details and verification that the 
connection will serve the required purpose.  The superlative connection detail should be 
picked for the next step. 
(3) Construction of a segment of the seamless bridge’s transition region using the 
selected connection and carrying out the experimental program explained in this 
dissertation. 
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Appendix A: Design example; Seamless Bridge 
and Roadway System with Transition Slab and no 
Secondary slab for the U.S. practice 
A.1. Scope 
The closed form equations developed in Chapter 2 are used to determine the required 
length for the transition slab of a seamless bridge system when no secondary slab is 
required.  The design steps for this system are explained. 
A.2. Development of closed-form equation 
For a uniform temperature increase in the bridge, approach slab and the transition 
zone, the following equations can be used to determine the required transition slab length 
when only friction dissipates the thermal movements.  The obtained length of transition 
slab from this equation has been verified using SAP2000 in Chapter 2. 
ܣݔଶ + ܤݔ + ܥ = 0 
ݔ = −ܤ ± √ܤ
ଶ − 4ܣܥ
2ܣ  
 
ܣ = −12
ߤߛ௖
ܧ்   
ܤ = −݂ܮ஻(ܧܣ)஻ −
݂ܮ஺
(ܧܣ)஺ −
ܨ଴
(ܧܣ)் +∝் ∆ܶ  
ܥ =∝஻ ܮ஻∆ܶ +∝஺ ܮ஺∆ܶ −
ܨ଴ܮ஻
(ܧܣ)஻ −
ܨ଴ܮ஺
(ܧܣ)஺  
ܮ் =
−ܤ − √ܤଶ − 4AC
2ܣ   
The end joint movement is δ.  The equations are developed for a generalized case of 
a straight and symmetric bridge, approach slab, and transition slab. 
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shown in the figure below can be used.  As can be seen in this figure, for COF of 1.5 and 
100 °F temperature increase, the required length for the transition slab will be 2854 feet 
(0.54 miles).  This system now can be used with the U.S. most common road pavement 
practice which is either flexible or jointed pavement.  The length of the transition slab is 
sufficient for friction forces to completely dissipate the thermally induced movements 
throughout the length of the transition slab. 
 
݂ = ߤ. ߛ௖. ܣ் = 1.5 × ൬
145
1000൰ × ൬
46.875 × 12
144 ൰ = 0.8496
݇݅݌ݏ
݂ݐ  
So the force at the transition slab-approach slab interface is 
ܨ஻ = ܨ஺ = ܮ். ݂ = 2854 × 0.8496 = 2424.8	݇݅݌ݏ 
 
Solution of the required transition length equations MS Excel spreadsheet developed to determine 
the required length of the transition zone to achieve zero movement at the end of the 
transition zone 
COF, μ 1.5 f'c (psi) 5000
Transition Length (ft) 2854 γc (pcf) 145
Temperature Increase (°F) 100 Ec (ksi) 4074.281 Es (ksi) 29000
Mass per 
Unit Volume 4.503 n= 7
Bridge Length (ft) 120 α (/°F) 5.5E-06
Approach Length (ft) 16
Bridge Width (ft) 46.875
Bridge Deck Thickness (in) 8.5
Approach Slab Thickness (in) 18
Transition Slab Thickness (in) 12
Bridge Girder Material Steel
Area of each bridge girder (sq.in.) 62.00
No. of Bridge Girders 5
Equivalent Stiffness of Bridge (EA/L)B 19668 kips/in
Equivalent Stiffness of Approach (EA/L)A 214855 kips/in
Equivalent Stiffness of Transition (EA/L)T 803 kips/in
Force in Transition at the End = F0 (kips) 0
Force in Transition at Approach (kips) 2425
Force in Bridge (kips) 2425
δ at the end of the transition slab (in) 1.48042
f 0.849609375 kips/ft
A -1.8536E-07
B 0.000502847
C 0.0748
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The length of the transition slabs is broken into seven segments of 400 ft for 
reinforcement reduction.  The sections that force is determined are shown in the figure 
below. 
The force in each segment is increased by f × (length of segment).  The following 
tensile forces are determined; 
Section (distance from the bridge CL, feet) Force (kips) 
136 2379 
536 2039 
936 1699 
1336 1359 
1736 1020 
2136 680 
2536 340 
As an example, the calculation for the first segment (136 feet) is explained. 
 sq.in.  6.62
01.38
10279
., ==reqsA  
Therefore, for 5 inches of spacing the reinforcement will be: 
sq.in. 69.4  in. 5.0 @ bars #5 =  
The above-mentioned calculations are repeated for the other segments of the 
approach slab. 
Final Design: 
366 
Segment length (distance 
from the bridge CL, feet) Force (kips) 
Steel Area 
(sq.in) Condition 
Percent 
Reinforcement 
(relative to Max.)
136 - 536 2379 66 : #6@6” Cracked 100 % 
536 – 936 2039 57 : #5@6” Cracked 86 % 
936 – 1336 1699 50 : #6@7” Cracked 76 % 
1336 – 1736 1359 40 : #5@7” Not-Cracked 61 % 
1736 – 2136 1020 30 : #4@7” Not-Cracked 45 % 
2136 – 2536 680 20 : #4@8” Not-Cracked 30 % 
2536 - 2936 340 10 : #3@8” Not-Cracked 15% 
 
